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Summary
Advances in fabrication of nanostructured materials offer the promise of new multifunc-
tional systems. This is owing to the abundance of novel physical, chemical, and biological
properties that can be exhibited, making nanostructured materials a fundamentally excit-
ing and technologically relevant area of research. By manipulating structure and proper-
ties on the nanometer scale, an extensive range of structural and functional applications
become available. Nanostructured materials can achieve alternate functions (i.e., antire-
flection), in addition to nanoscale manipulations of other entities (e.g., cell attachment
platforms, or biosensors). In this work, the fabrication of nanostructured arrays has been
studied and their utility in a number of applications has been demonstrated. This thesis
is divided into three Parts; each Part details the fabrication and applications of one of the
nanostructure types: nanopillars, ordered nanopores and unordered nanopores.
In Part I, the fabrication and applications of nanopillar arrays are discussed. The fabri-
cation of the nanopillar arrays was investigated on diverse substrates using a combination
of methods: block copolymer micelle lithography (BCML), reactive ion etching (RIE), and
particle enlargement techniques. BCML resulted in ordered gold nanoparticle arrays with
inter-particle spacing which was modified from 50 to 120 nm. The gold nanoparticles sub-
sequently acted as an etching mask during RIE, which removed the surrounding material
resulting in the ’nanopillar’ structures. An intermediate step to enlarge the gold nanoparti-
cles was necessary for producing higher aspect ratio nanopillars and producing gold-topped
nanopillars (where the initial gold particle was not completely etched away during RIE).
The employment of this combination of techniques, in addition to the different substrate
materials, resulted in a vast variety of nanostructure profiles, e.g., conical structures on
glass and cylindrical structures on quartz. It was determined that the nanopillar struc-
tures were influenced not only by the chemical composition of the substrate, but also the
etching parameters of the RIE.
As cell-attachment surfaces, gold-topped nanopillars were used due to the ability of gold
to bind crucial proteins necessary for cellular attachment. With the implementation of such
a structure, which can be selectively functionalized to detect or catch certain cell targets
(e.g., cancer cells), versatile medical tools may be produced. As an antireflective surface,
the optical properties of substrates incorporating the nanopillar surfaces were compared
with commercially available unstructured substrates known for their optical properties
(Suprasil®). The structured substrates were found to have better antireflective properties
compared to the unstructured substrates. Furthermore, the antireflective properties were
determined to depend on the nanopillar spacing, aspect ratio, and cross-sectional shape.
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In Part II, the fabrication and applications of ordered nanopore arrays is given. Nano-
pore arrays with a wide range of pore diameters (100-800 nm), inter-pore distances (200
nm to 1휇m), and pore depths up to 200 nm were developed using a combination of colloidal
lithography (CL), thin film deposition, and RIE. Several CL methods were investigated
and one was chosen, the lifting up technique, that produced a hexagonal close-packed
array of polystyrene colloid particles. The close-packed particle arrays covered up to four
inches in diameter on the surface of a 200 nm-thick Si3N4 insulating film bonded to a
silicon wafer. The size of the particles was reduced using an oxygen plasma, producing
a separated array. The nanopore structures were initiated upon the deposition of a thin
layer of gold over the separated array of polystyrene particles. The pores that were formed
after the removal of the polystyrene particles were extended into the Si3N4 layer using RIE,
resulting in deep nanopore arrays. The inter-pore distance could be easily controlled by the
size of the initial particles used to generate the hexagonally close-packed particle arrays.
The nanopore diameters, in addition to being dependent on the initial particle size, were
also a function of the etching time for particle size reduction and the thickness of the gold
layer.
The applications studied for which the deep nanopore arrays may be used include elec-
trochemical biosensors and bioassays. Nanopore arrays work as electrochemical biosensors
by integrating the redox current generated between the electrodes in each pore resulting
in amplified signal. Short circuits caused by collapse of the gold layer, the rough particle
mask, and the undercut etching are amongst challenges to overcome in the development
of the biosensor. This sensor may be embedded into a circuit produced using standard
silicon-based microtechnology. Here, this was achieved by assembling the nanopore ar-
ray directly onto micropatterns fabricated by conventional photolithography. Gold colloid
particles, due to its easy characterization, was used as a model biological recognition site.
Gold colloid particles were immobilized inside of the pores as a proof of principle that the
nanopore arrays may be used for bioassays. Enhanced selectivity would be possible by
incorporating many different biologically-important molecules.
Finally, in Part III, the feasibility of using a porous silicon photonic crystal to provide
an optical reflection for a display was investigated. Porous silicon was produced by elec-
trochemical etching of silicon. Its refractive index, and therefore the wavelength of light
reflected from its surface, depends on its porosity and on the thickness of the porous sil-
icon layer. To build the display, a silver-impregnated porous-silicon chip was sandwiched
between a sheet of aluminium foil and an indium tin oxide (ITO)-coated glass slide. The
pores were open to an ionic solution (consisting of tetrabutyl ammonium perchlorate and
silver nitrate in acetonitrile) which filled a small gap between the porous silicon and the
ITO layer. Through the ITO-coated glass slide (i.e., the screen), the reflected light from
the porous silicon was visible. An electrochemical cell was produced when a circuit was
created across the porous silicon with the aluminium foil as the anode and the ITO layer
as the cathode. A redox reaction was performed in the cell by applying a voltage through
the electrodes. This reaction oxidized the silver metal in the pores into its ion and reduced
the silver ion from the solution onto the ITO-coated glass slide, blocking the reflected light
from the porous silicon. The reaction was reversible upon changing the applied voltage,
resulting in silver removal from the ITO-coated glass, enhancing the intensity of the re-
flected light. Though complete reversibility was more difficult to demonstrate, the results
established the possibility of using porous silicon for a display.
General introduction
Nanotechnology is a scientific field which has attracted intense global interest. The de-
velopment of nanotechnology provides opportunities to systematically characterize, ma-
nipulate and organize matter at the nanometer scale. Nanomaterials often exhibit many
different properties compared to the same materials in their bulk-state. Their small fea-
ture size is of the same magnitude as the size for molecular phenomena. Surfaces and
interfaces are also important in explaining nanomaterial behavior. In bulk, only a rela-
tively small percentage of atoms is at or near a surface or interface. In nanomaterials, the
small feature size ensures that many atoms, perhaps half or more in some cases, are near
interfaces. Since surface properties can be quite different from interior states, this can
give rise to novel material properties. For example, proteins with size of about 10-1000
nm [1,2], and cell walls 1-100 nm thick [3–5] may have distinct behaviors on encountering
a nanomaterial compared to that seen in relation to larger-scale materials.
It is not merely the trend toward higher levels of miniatuarization but also the abun-
dance of novel physical, chemical and biological properties which materials could exhibit
that makes nanomaterials such a fundamentally exciting and technologically relevant area
of research. When each unit of nanomaterial has novel properties owing to the virtue of
their nanometer dimensions, the desirable characteristic of nanostructured materials syn-
thesized from these building blocks can be tuned by varying the units and controlling their
interactions. Therefore, nanostructured materials promise exciting potentials for an ex-
tensive range of structural and functional applications. The utilizations of nanostructured
materials are quickly emerging in a vast number of fields, from wide-ranging industrial ap-
plications, catalysis, optics, sensors, biomedical to microelectronics applications [1, 6–10].
Nanomaterials have actually been produced and used by humans for hundreds of years,
for example the decorative glaze known as luster, found on some medieval pottery, contains
metallic nanoparticles dispersed in a complex way in the glaze, which give rise to its special
optical properties [11]. The techniques used to produce these materials were considered
trade secrets at the time, and are not wholly understood even now. The growing interest
in nanostructured materials after all calls for new and more precise fabrication techniques.
Nano-sized materials often are too small to be obtained easily by conventional manufactur-
ing and/or too big to be fully accessible by pure synthetical chemistry alone [12]. Several
fabrication techniques have been developed to solve the problems on generating functional
nanomaterials. In principle, two approaches can be applied to produce nanomaterials :
’top down’ and ’bottom up’ approaches.
A ’top down’ approach is basically the breaking down of a bulk to create the desired
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nanoscale devices. This approach usually employs externally-controlled tools such as li-
thography methods to structure the material. In this process, the material is protected
by a mask and the exposed material is etched away. Depending upon the level of resolu-
tion required for features in the final product, etching of the base material can be done
by chemical reactions or physical radiations. Surface patterning such as photolithogra-
phy [13], X-ray lithography [14], and electron beam lithography [15, 16] are amongst this
approach. In addition, etching techniques like wet chemical etching [17–20] and reactive
ion etching (RIE) [21, 22] are also included in the ’top down’ approach.
On the contrary, a ’bottom up’ approach constructs the desired features from funda-
mental building blocks, usually spontaneously through self-assembly without a need for
patterning. This approach utilizes the concepts of molecular self-assembly and/or molec-
ular recognition [23, 24]. One promising method is the use of block copolymers to access
features down to 10 nm [25–27]. Through the use of the proper chemistries, functionality
can be added to these block copolymer systems to further enhance their usability [3, 28].
Methods such as block copolymer lithography [29, 30], self-assembled monolayers [31, 32],
and colloid lithography [33, 34] belong to this category. The self-assembling nature al-
lows for nanofeatures to be fabricated at once, thus making this method an attractive
alternative to achieve small feature sizes without the need for expensive equipments.
Every approach nevertheless has its drawbacks. The ’top down’ approach is limited by
the resolution of the lithography in addition to the necessity of costly machines. On the
other hand, the difficulty of precisely immobilizing nanoscale building blocks limits the
practical application of the ’bottom up’ method and increases problems on realizing more
complex materials [24]. Therefore, a combination of ’top down’ and ’bottom up’ fabrica-
tions is seen to be able to integrate advantages of both techniques to achieve nanoscale
architectures using a precise and robust fabrication method [35].
The subject of this thesis is the fabrication of nanostructures on silicon and its derivative
materials. Combinations of various fabrication techniques were performed in order to
obtain new innovative materials for different purposes. The nanostructured materials
covered in this work include porous silicon as well as nanopore and nanopillar arrays formed
on various substrates including glass, fused silica (quartz), silicon, silicon oxide (SiO2) and
silicon nitride (Si3N4). The applications of nanostructured materials for electrochemical
sensor, bioassay, antireflective surface, low power display and as an attractive surface for
cell attachment device are also discussed. The work is divided into three parts based on
the feature of the structures and their applications. Each part is organized as follows:
introduction, material & method, result & discussion, applications, and conclusions &
outlook.
In Part I, nanopillar arrays were fabricated on diverse substrates using a combination
method of block copolymer micelle lithography (BCML), particle enlargement techniques
and reactive ion etching (RIE). The disscusion in this part will be focused on the fabrication
and applications of the glass and quartz nanostructured materials. Variant features such
as nanopore arrays are obtained by a combination technique of colloidal lithography, thin
film deposition and RIE. The fabrication and applications of nanopore arrays is given in
Part II. Last, the feasibility of using a porous silicon photonic crystal to provide an optical
reflection for a display was investigated in Part III.
General methods
This chapter describes the general methods used for fabrication and characterization of
nanostructured materials employed in this thesis. Here, only methods which will be used
throughout the thesis are discussed. Details on technical equipment and experimental pro-
cedures related to individual parts of this work can be found in the respective ’Materials &
Methods’ sections. The chapter begins with a basic lithography for nano-fabrication in Sec-
tion 2.1, followed by etching processes in Section 2.2 which were carried out for substrate
cleaning, surface activation and nanostructure fabrication. The fabricated nanostructures
were mostly characterized using Scanning Electron Microscopy (SEM) which will be ex-
plained in Section 2.3. Methods for image analysis and processing are discussed in Section
2.4.
2.1 Lithographies for nanostructure fabrication
The fabrication of novel and functional nanostructures has been the major driving force
in the development of nanoscience and nanotechnology [36]. Numerous methods have
been and are being developed for nano-fabrication. Techniques such as photolithography
[13, 37, 38], X-ray lithography [14], electron-beam lithography [15, 16], and self-assembly
lithographies [23] are amongst the developed ones. Despite of many success stories of these
technologies, every method has its strengths and weaknesses which still challenge the more
applicable techniques to develop future nanotechnologies.
In today’s technology, photolithography is the most widely used technique in fabricating
integrated circuits (ICs) and micromachines [13, 37]. Within this technique, a substrate
surface is covered with a photosensitive coating (photoresist), onto which the lateral infor-
mation of a photomask is patterned and fixed by development. Different structure sizes
can be generated by different masks and different wavelengths of light. Structures from
above 0.5 휇m can be generated by using the light in the visible region or near ultraviolet
(UV) [13, 39]. Far ultraviolet light (193 nm wavelength) is used for structures down to
about 0.2 휇m [38]. An intensive development has reduced the resolution limit to below
0.17 휇m [40]. However, the low practical resolution of the obtained structures limits the
use of this method for nano-fabrication.
Some new lithography techniques are developed which collectively called non-optical
lithographies or next generation lithographies (NGLs) [37]. Making use of very short
wavelength energy sources, these techniques enable features beyond the optical resolution.
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For structures down to a few nanometers, electron or ion beam lithography is used. X-ray
or synchrotron radiation with wavelengths between 0.2 and 20 nm are still in the research
and development state [13, 14, 38].
In electron beam lithography, an electron beam is guided in a scanning mode to the
substrate and at the same time the beam is rapidly switched on and off for patterning.
However, there are obstacles for widespread use of this technique. Besides the expensive
equipments and its slow process, the key problem is finding a suitable mask material.
There is no material which allows the very high energy through out and still maintains
the mechanical stablility. To overcome this problem, several techniques were being de-
veloped such as maskless e-beam direct writing [15] and projection electron beam litho-
graphy [16, 38]. The first approach has been done by writing the pattern directly into
the substrate’s surface, whereas the second one by projecting a template from above the
surface. Nevertheless, the problem to increase the maximum writing area of an electron
beam writer above 1×1 mm2 [38] has not been solved yet.
Many other lithography techniques such as dip-pen lithography [41], scanning probe
lithography [31], nanoimprint lithography [42] and self-assembly lithographies including
block-copolymer micellar nanolithography (BCML) [3,30,43–47] and colloidal lithography
(CL) [33,48–52] are also rapidly being developed in order to fulfill the need of geometries in
the range of nanometers using less expensive methods. Self-assembly lithography is based
on the spontaneous self-assembly nature of block copolymers (in BCML case) or polymer
spheres (in CL) into ordered periodic structures at the molecular scale [23]. Large scale
arrays with high degree of uniformity can be easily achieved by a simple process.
In this work, block-copolymer micellar nanolithography (BCML) and colloidal lithogra-
phy (CL) were employed for fabricating pillar and pore nanostructure arrays. BCML will
be further explained in Section 3.3, whereas CL be in Section 8.2.
2.2 Etching process
Etching can be described as pattern transfer by chemical/physical removal of a material
from a substrate, frequently in a pattern defined by a protective layer [37]. Etching can be
done by physical damage, chemical reaction, or some combination of the two. Depending
on the process, the material can be removed isotropically or anisotropically [38] (Fig. 2.1).
The isotropic etching removes the material in all directions while the anisotropic etching
erodes the materials in one direction, dictated by the incident etchant species.
The directionality is one important parameter of an etching process since in many
processes, the task is to remove a particular layer without attacking adjacent structures.
The other important parameter is selectivity, by choosing the right chemistry, such that
one type of material is removed completely without attacking other structures made from
different materials [38]. In general, there are two classes of etching processes: (1) wet
etching where the material is dissolved when immersed in a chemical solution, and (2) dry
etching where the materials is sputtered or eroded using reactive ions or a vapor phase
etchant.
2.2.1 Wet etching
Wet etching is the simplest etching technology. All it requires is a container with a liq-
uid solution that will dissolve the material in question. Wet etching is a purely chemical
Etching process 7
(a) (b)
Figure 2.1: Etching profiles resulting from (a) an isotropic, and (b) an anisotropic processes.
The isotropic etching removes the material in all directions while the anisotropic etching erodes
the materials in one direction, dictated by the incident etchant species.
process that is characterized by: isotropic etching, fast process, and contaminations. How-
ever, this process can be highly selective and often does not damage the bulk substrate in
general [37]. Besides giving a higher degree of selectivity, wet etching is also faster com-
pared to the dry etching (tens of micron/minute vs. less than one micron/minute) [13].
The mask material needs to be unsolvable or much less solvable than the material to be
patterned.
Wet chemical etching consists of three processes: (1) movement of the etchant species to
the surface of the material, (2) a chemical reaction with the exposed surface that produces
soluble by-products, and (3) movement of the reaction products away from the surface of
the material [13, 37]. The rate determining process is number (1) or (3) when etching is
diffusion limited and number (2) when etching is reaction rate limited. It means that the
etching depends strongly on temperature, etching material, and solution composition [13].
A high temperature or extremely aggressive chemical etching process can be replaced
by an electrochemical procedure or utilizing a much milder (less reactive) solution. In an
electrochemical acidic etching, an electrical power supply is employed to drive the chemical
reaction by supplying holes to the silicon surface. A voltage is applied across the silicon
wafer and a counter electrode (usually platinum) arranged in the same etching solution.
Oxidation is promoted by a positive bias applied to the silicon causing an accumulation
of holes in the silicon/electrolyte interface. Under this condition, oxidation at the surface
proceeds rapidly while the oxide is readily dissolved by hydrofluoric acid (HF).
In electrochemical etching, the current density determines the dissolution rate of silicon.
As the etching rate increases with the current density, high spots on the surface are
more rapidly etched, and thus resulting in very smooth surfaces. However, under specific
circumtances like high HF concentrations and low currents, etching forms porous silicon
[13]. In Part III, wet electrochemical etching of silicon using aqueous ethanolic hydrofluoric
acid (HF) electrolytes was performed to produce porous silicon.
2.2.2 Dry etching
Dry etching methods represent a class of methods by which a solid surface is etched in
a gas phase, either physically by ion bombardment, or chemically by a chemical reaction
with a reactive species at the surface, or combined physical and chemical mechanism [13].
Plasma etching and reactive ion etching (RIE) are the most widely used techniques.
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Plasma
Long before plasma was defined as the state of ionized gases, it was described as a fourth
state matter by Crookes in 1879 [53]. This description based on its properties which are
quite unlike those of solids, liquids, or gases. In this state, a certain proportion of electrons
are free and can move independently rather than being bound to an atom or molecule.
Plasma can be generated by applying high energy electromagnetic fields at low pres-
sure gas phase where dissociation leads to formation of energetic ions, photons, electrons,
and highly reactive radicals and molecules. These energetic species bombard substrates
resulting in an energy transfer from the plasma to the surface. Energy transfers are dis-
sipated through the substrate via chemical and physical processes leading to a surface
modification.
Based on the power source used to generate the plasma, there are three classified plas-
mas: (1) Microwave (MW) with a typical plasma source at a frequency of 2.45 GHz, (2)
Radio Frequency (RF) at an operating frequency of 13.56 MHz, and (3) Low Frequency
(LF) operates at a frequency of 40 KHz. As research on plasma energy became more ad-
vanced, the optimum frequency was found to be more a function of plasma chamber design
and the shape of the sample [37]. Fig. 2.2 shows the schematic diagram of microwave and
RF plasmas.
RF
generator
Upperelectrode
Vacuum
pump Gas inlet
Cooler
Plasma
(Gas molecule)
Lower electrode
Sample
Chamber
Gas inlet
Vacuum
pump
Microwave generator
Antenna
Quartz chamber
Plasma
MW-
wave
MW-
wave
Sample
(a) (b)
Figure 2.2: Schematic diagram of (a) a microwave- and (b) a RF-generated plasmas.
In microwave plasma, acceleration of the electrons is much higher than one of the charged
particles due to the variations in mass. This means that energy transfer to the electrons
is significantly greater than to ions. Moreover, owing to its low mass, the direction of
the force on the electron can be easily and constantly changed in corresponding to the
alternating field directions in the plasma. Therefore, the electron oscillates within the
volume of the gas inside the chamber causing an isotropic effect of microwave plasma [53].
Radio frequency (RF) plasma can be generated by a RF voltage applied between two
electrodes causing the free electrons to oscilate and to collide with gas molecules leading
to a sustainable plasma [13]. The typical employed RF frequency is at 13.56 MHz. RF-
excited discharges can be sustained without relying on the emission of secondary electrons
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from the target. Electrons have enough energy to cause ionization that sustaining the
plasma even at a lower pressure approximately to 10 mTorr [13, 53].
Low frequency (LF) plasma, surprisingly, provides more energy per square centimeter
compared to the higher frequency counterparts [53]. It seems counterintuitive, but the
higher frequency plasmas lose considerable energy through heat loss. A higher ion density
in the LF plasma results in an increasing efficiency of the plasma process.
Microwave plasma etching Within this work, a microwave generated plasma was em-
ployed for several purposes including substrate cleaning, surface activation and polymer
etching. A Tepla Dry Plasma Etcher 100 E microwave plasma system purchased from
PVA Tepla (Asslar, Germany) was used. The plasma was generated by a source frequency
of 2.45 GHz, a power of 300 W and using hydrogen or oxygen as the process gasses. The
hydrogen plasma was predominantly used unless otherwise mentioned.
Reactive ion etching (RIE) Reactive ion etching is a directional, strong etching with
reactive ions, which are produced by ionization of gasses inside the plasma chamber. The
main apparatus of RIE is a vacuum chamber with two parallel electrode plates which
create electric field in order to accelerate the ions. The electrode plates are in different
sizes with the smaller effective area is placed in the bottom to increase the potential
difference between the electrodes and thus the energy of the ion bombardment [37]. The
substrate to be etched is placed on the smaller electrode taking advantage of the greater
ion acceleration voltage. The gas pressure is chosen to be in the range of 10−3 to 10−2
mbar. The etching in an RIE system results from a combination of several active etch
species because not only reactive neutral radicals and reactive ions but also inert ions and
neutral particles are present in the chamber [38]. The physical bombarding component of
the RIE is the important characteristic of RIE on initiating the directional etch process.
The RIE was performed using an Oxford PlasmaLab 80 Plus Reactive Ion Etcher ob-
tained from Oxford Instruments (Weisbaden, Germany). The plasma was generated by
a 300 W, 13.56 MHz RF plasma source and using Ar, O2, CF4 and CHF3 as the pro-
cess gasses. The RIE was also equipped with a cooling system which kept the adjustable
temperature of the substrate contact during the etching process.
2.3 Scanning Electron Microscopy (SEM)
The scanning electron microscopy (SEM) technique provides a fast and convenient imaging
method of nanoscale structures with a resolution of less than a nanometer. Topographical
and chemical information such as external morphology (texture), chemical composition,
crystalline structure and structure orientation of the materials can be readily revealed [54].
The schematic diagram of a SEM equipment is shown in Fig. 2.3.
In a light microscope, light is caused to pass through an object and is then focused
by the primary and secondary lens to create an image. In an SEM, the beam of light is
replaced by an electron beam. The scanning electron microscope works by backscattering
electrons of the surface and forming an image from the reflected electrons using a scanning
mode. The primary electrons are first focused into a small-diameter electron beam that
is scanned across the specimen by applying electrostatic or magnetic fields for focusing
and scanning [55]. These electrons are collected by a positively charged detector, which is
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Figure 2.3: Schematic of a SEM. An electron beam is produced by a gun, accelerated to an
anode, and then focused by a magnetic lens before hitting the surface of a sample. Emmisions as
products of the electron-surface interactions are then collected by detectors.
scanned synchronically with the emission beam scan. By scanning simultaneously in two
perpendicular directions, a square area of specimen (or known as a raster or a grid) can
be covered and an image of this area can be formed by collecting secondary electrons from
each point on the specimen.
The electron source used in the SEM can be a thermionic or a field emmision source.
The thermionic sources such as tungsten filaments, or LaB6 crystals simply need to be
heated up to emit electrons. In the field emission source, electrons are released from a
very sharp tungsten tip by applying an electric field [55]. Although the field emission gun
requires an ultra high vacuum (UHV) system with a pressure of 10−8 Pa, this source is
a better choice for SEM due to a higher brightness, higher current density, lower energy
spread and longer lifetime compared to the thermionic sources [56]. This is because a field
emission gun produces an electron beam that is smaller in diameter, more coherent and
with up to three orders of magnitude greater current density or brightness compared to
the one produced by the thermionic sources.
The emitted electrons are then accelerated by applying a voltage up to 30 kV to an
anode and is directed along the microscope column. The focusing of electrons relies on
the fact that electrons behave as negatively charged particles and are therefore deflected
by electric or magnetic field. Axially-symmetric magnetic lenses are usually used to focus
the accelerated electrons to a beam that scans the area of interest line by line [55]. When
the accelerated electrons hit a solid surface, they are scattered both elastically by the
electrostatic interactions with the atomic nuclei and inelastically due to their interaction
with the atomic electrons. The interaction between the electrons and the substrate is
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illustrated in Fig 2.4. This interaction results in several consecutive radiation besides
some electrons that are transmitted through the material.
Incidentbeam
Primary electrons (PE)
X-rays
Through thickness
Composition information
Auger electrons
Surface sensitive
Compositional information
Primary Backscattered Electrons
Atomic number & Topographical information
Cathodoluminescence
Electrical information
Secondary electrons (SE)
Topographical information
Specimen current
Electrical informtion
Sample
Figure 2.4: Schematic of electron-surface interaction when electrons strike the sample surface. A
focused beam of primary electrons (PE) hits and interacts with the substrate in which generating
several consecutive radiations such as backscattered electrons (BSE), cathodoluminescense (CL),
secondary electrons (SE), X-rays, Auger current and specimen current. Some information about
topography, electrical properties and material composition of the specimen can be gathered by
measuring those radiations.
Backscattered electrons (BSEs) are defined as the emitted electrons with energies around
50 푒푉 resulted from several inelastic scattering of the primary electrons (PEs). These
backscattered electrons have a chance of scattering and re-entering the surrounding vac-
uum due to their high kinetic energy. The ratio of the number of BSEs to the number of
PEs hitting the sample (휂), increases with higher atomic number of the specimen which
results in enhanced material contrast when detecting BSE signals. The backscattered
electrons also generate secondary electrons (SEs) as a result of the subsequent inelastic
scattering events (Fig. 2.5).
The secondary electrons (SE) are electrons with energies lower than 50 푒푉 . SEs are
generated by collisions of incident electrons with the outer-shell (valence or conduction)
electrons which have then high enough energies to leave the atom. These electrons are
emitted with a wide range of energy depending on the binding energies of the electron
in the atom. A part of the SE signals (the so-called SE1 component) comes from the
generation of secondaries induced by primary electrons (PEs). Other components (named
SE2 and SE3), arise from the secondaries generated by backscattered electrons (BSEs),
as they exit the specimen, and from the backscattered electrons that strike an internal
surface of the SEM chamber [55] (Fig. 2.5).
Depending on the type of radiation, different detectors are employed to reveal informa-
tion about the topographical features or material composition of the substrate. The BSE
signals are related to the atomic number of the specimen, therefore they give information
about the material contrast of the specimen. On the other hand, the yield of the SE
signals is independent from the atomic number of the specimen, displaying mainly the to-
pographical features. In SE detectors, the brightness of the signal depends on the number
of the detected secondary electrons. As the angle of the incidence beam increases, the
pathway for the electron to escape from the substrate decreases, and thus more secondary
electrons are emitted. Therefore, steep surfaces and edges tend to be brighter than flat
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Figure 2.5: Schematic of electron scattering. The generation of images in SEM is usually based on
the products of the electron-surface interaction including secondary electrons (SEs) and backscat-
tered electrons (BSEs).
surfaces resulting in a three-dimensional appearance of the surface.
Detectors available in a high-resolution SEM usually are In-lens, SE2, and ESB detec-
tors. The In-lens detector collects the SE signal emerging from the sample surface which
are attracted and accelerated by the positively biased electrode of the beam booster. Con-
sequently, the In-lens detector gives images with no directional or shadowing effects. The
SE2 detector shows contrast from structure present well below the surface (but within
the primary-electron penetration depth). An ESB detector mixes the SE and BSE sig-
nals in order to gain an enhancement of compositional contrast and the suppression of
superposing topographical information.
SEM offers a good tool for collecting analytical data in addition to forming images si-
multanously. As the primary electrons bombard the surface of an object, they interact
with the atoms of the surface to yield even more particles and radiation other than sec-
ondary electrons. Among these radiations are Auger electrons, and characteristic X-rays.
The X-rays have discrete energy values, characteristic for the atomic structure of the atom
from which they are emitted. Energy dispersive X-ray analysis (EDX) is a process where
emitted X-rays are collected and their inherent energies are analyzed. As a result, com-
bining the scan information from secondary and Auger electrons, together with the X-ray
information allows the complete mapping of surfaces in a nanometer scale.
Within this work, SEM measurements were carried out using either a LEO 1530 or
an ULTRA 55 Field Emission Scanning Electron Microscopes (FE-SEM) purchased from
Zeiss SMT (Oberkochen, Germany). The accelerating voltages were operated at 0.1-30
kV. The accelerating voltage determines the kinetic energy 퐸0 of the primary electrons,
their penetration depth, the information depth, and the magnification of the image. For
image acquisition, both microscopes were equipped with an In-lens SE, an ESB and an
Everhart-Thornley Secondary Electron detectors. To prevent the charging of the sample
due to electron irradiation, the surface needs to be conductive. Prior measurement, non
conductive samples were coated with a thin layer of conductive layers (5-10 nm) using BAL-
TEC MED020 Modular High Vacuum Coating System (Witten, Germany). The EDX
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measurements were performed using a EDAX Detecting Unit Zeiss Ultra-55 (Mahwah,
USA).
2.4 Image analysis
To determine the order parameter and thus the quality of an array, a systematic investi-
gation using an image analysis/processing is needed. Image analysis enables a statistical
and comparative analysis of the structural parameters and the quality of the nanoscale
arrays. The quality of an array can be characterized by its geometrical arrangement in two
length regimes; short or long range orders. The short range order is defined by the spac-
ing between nearest neighbors, whereas the long range order is defined as the geometrical
arrangement at larger distances from one original point.
The geometric arrangement of a particle array can be considered either as a perfect single
crystalline order or completely random. A perfectly ordered system is achieved when the
spatial pattern is maintained in the long range order. For example, in a two-dimensional
(2D) single crystal lattice, each particle is surrounded by an infinite number of equally
distributed neighbors with a constant spacing. On the contrary, a random system loses
its order at the long range where all single particles are distributed inconsistently.
The order of particle arrays can be determined using two different approaches: by
Voronoi diagram or using radial distribution function (RDF) approach. The geometri-
cal arrangement of the short-range order can be illustrated by a Voronoi diagram [57].
Contrarily, the RDF approach does not consider the geometrical order, rather the density
distribution of the particles on a surface [12].
2.4.1 Voronoi diagram
Voronoi diagram was used to calculate the average distance between nanoparticles and
the short range order of arrays. A Voronoi diagram is generated by specifying a discrete
set of points in a plane corresponding to their distances [58]. Any given point/particle in
a plane is placed in a so-called Voronoi cell where each cell shares one side with each of
its nearest neighbors (Fig. 2.6). The quality of the order of an array is determined by
the number of the enclosing neighbors. In a case of perfect 2D lattice, regular honeycomb
Voronoi cells with each cell surrounded by 6 equal hexagons should be obtained.
(a) (b)
Figure 2.6: Voronoi diagram. The segments of the Voronoi diagram are all the points in the
plane that are equidistant to the nearest cell. (a) A disordered and (b) an ordered arrays.
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2.4.2 Radial Distribution Function (RDF)
The radial distribution function (or RDF) is an example of a pair correlation function,
which describes how, on average, the particles in a system are radially packed around
each other. This is a particularly effective way of describing the average packing density
of quasi-ordered systems such as nanoparticle arrays [12]. Radial distribution function
referred to as 푔(푟), can be used to describe how the particle density varies as a function
of the distance from one particular particle. RDF is defined by the local density 휌 at a
given distance 푟 away from the reference particle normalized by the overall density of the
system 휌 (Eq. 2.1).
푔(푟) =
휌(푟)
휌
(2.1)
RDF is constructed by choosing a particle in the system and draw around it a series of
concentric spheres, set at a small fixed distance (푑푟) apart (Fig. 2.7). The average number
of particles in each shell is calculated and then divided by the volume of each shell and the
average density of particles in the system. At very short distance, the radial distribution
function must be zero, because two particles can not occupy the same space. A number
of peaks indicates that the particles pack around each other in ‘shells’ of neighbours. The
occurrence of peaks at long range indicates a high degree of ordering. At very long range
every RDF goes to a value of 1, which happens because the RDF describes the average
density at this range.
Within this work the imageJ program [59] was employed to measure the average density
distribution of the nanoparticle arrays with a costume-written plugin named Dot analyzer
[60]. Dot analyzer is a calculation plugin implementing both the Voronoi diagram and the
RDF approaches.
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Figure 2.7: Qualitative pictures of the radial distribution function (RDF)of a hexagonal packed
array (A) and a random array (B). RDF is a measure of, on average, the probability of finding
particles at a distance of 푟 away from a given reference particle. At very short distance the
radial distribution function must be zero, because two particles cannot occupy the same space.
The occurrence of peaks at long range indicates a high degree of ordering. The general algorithm
involves determining how many particles are within a distance of 푟 and 푟+푑푟 away from a particle.
Part I
Fabrication of nanopillar arrays and
their applications
3 Introduction
Fabrication of nanostructures, especially fabrication of nanopillars of various materials, has
been an important aspect on the development of many research fields in nanotechnology.
Nanopillar structures have been utilized in a wide range of applications, ranging from
electronic and photonic devices such as 2-D photonic crystals [6], to electroluminescent
devices [7]. Further, nanopillar arrays are used in solar cell devices [8], and in nanoimprint
lithography (stamp fabrication) [61]. In addition, nanopillar structures also have been
utilized for biological applications such as the separation of long DNA molecules [9], and
as adhesive substrates for cell growth [1], or recently for trapping cancer cells [10].
Several methods have been employed to fabricate nanopillar structures onto many dif-
ferent surfaces, such as silicon [44, 62–65], silicon nitride [66], glass [67], quartz [68] and
polymer materials [61,69]. Common fabrication methods include nanoimprint lithography
(NIL) using an anodized aluminium oxide (AAO) template [61, 69], nanosphere litho-
graphy [63, 64, 70], gold nanoparticle masking [65, 71], e-beam lithography [6], and block
copolymer lithography [44,68, 72].
Here, a combination of block copolymer micelle lithography (BCML), particle enlarge-
ment via electroless deposition and reactive ion etching (RIE) is employed to fabricate
quartz and silica nanopillar arrays. Nanopillar arrays are used for antireflective surface
and biological applications, both are explained in Chapter 6.
3.1 The basic principle of antireflective surfaces
Reflections from surfaces such as monitor displays, TV screens, and other materials can
impair the legibility of the displays by degrading the transmission of light. Moreover, in
many cases these reflections are perceived as disturbances. Reflections happen whenever
two materials of different optical densities adjoin and cause the reduction of the trans-
mitted light intensity (Fig. 3.1.a). The decrease in transmission is caused by the abrupt
change in the refractive index at the interface between a medium and its environment.
The reflection degree, 푅, is a measure for the intensity loss of the incident light when
entering the medium and is expressed as the ratio between the reflected intesity 퐼푟, and
the incident one 퐼푖 (Eq. 3.1) [73].
푅 =
퐼푟
퐼푖
(3.1)
An anti reflective surface can be accomplished by the application of a coating layer as
an intermediate layer utilizing destructive interference. By controlling the thickness of the
coating layer to be exactly one quarter of the light’s wavelength thick (휆/4), the reflected
beam from the second interface will be exactly half of its own wavelength further than the
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Figure 3.1: Reflection and transmission of light. (a) The reflection occurs when an incident light
falls onto a boundary between two homogeneous medias with different refractive indices. (b) A
reduction in surface reflection can be accomplished by the application of an anti-reflective coating
with a thickness of a quarter-wavelength of light. This promotes a destructive interference between
the reflected wave front from the first interface (environment-coating) and one from the second
interface (coating-medium) which leads to cancellation of both reflected waves.
beam reflected from the first surface (Fig. 3.1.b). The amplitudes and intensities of the
two interfering waves have to be equal in order to achieve a complete cancellation of the
reflected wave front.
The wavelength band in which the coating acts as an antireflective layer is determined
by the thickness of the coating layer as well the refraction index of the material [74]. When
the index of refraction of the coating (푛푐) is equivalent to the square root of the product of
the indices of the surrounding medium (푛표) and the substrate (푛푠), that is, 푛푐 = (푛푠푛표)
0.5,
reflections are suppressed at wavelengths near the quarter-wavelength optical thickness.
Coatings can be made by using materials with a suitable refraction index or using
alternating layers of low- and higher- index materials. A very low reflectivity over a
broad band can be achieved, but these approaches are complex and relatively expensive.
Antireflective coatings are limited in terms of angle sensitivity of the incident light and
application to prestructured surfaces such as gratings. Degradation, fracturing or even
ablation of coating can occur in these coating materials due to absorption of high energies
such as in laser applications [12].
Another proposed solution for the fabrication of antireflective surfaces is nanoporous
material as reported in [74]. Materials with homogeneously distributed pores with lateral
sizes much smaller than the wavelength of light possess a very low effective refractive
index. Hence, light scattering from the pores is limited.
The intensities of reflected or transmitted light basically depend on the angle and the
polarization state of the incident light. In the case of perpendicular direction of arrival,
the reflection degree is determined by the two media’s refraction indices 푛1 and 푛2 (Eq.
3.2). This means that an increasing refraction index difference increases the refraction
degree. In other words, the reflection can be reduced by diminishing the index difference.
The principle in order to achieve this is to produce a continuous increase of the refractive
index layer by layer along from air to the bulk material [68,75]. Besides using antireflective
coatings (Fig. 3.2.a) and nanoporous materials (Fig. 3.2.b), a reduction in the reflection
of a surface can also be achieved by applying nanostructures onto the surface (Fig. 3.2.c).
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푅(훼=0) =
(
푛1 − 푛2
푛1 + 푛2
)2
(3.2)
λstructure
(a) (b) (c)
Figure 3.2: Approaches to obtain anti reflective surfaces; (a) multi-layer coatings, (b) nanoporous
material and (c) nanostructures. The principle of anti reflection is by diminishing the refractive
index difference at the interface between the material and the medium to create a homogenous
transition.
Periodic subwavelength surface-relief structures as antireflective surfaces were discov-
ered in nature on the cornea of night-active moths by Bernhard and Miller in 1962 [76].
Nanostructured surfaces, so-called motheye structures have an unusual property as their
surfaces are covered with a natural nanostructure which almost eliminates reflections. It
was noticed that regardless of the wavelength or the incident angle of the light, the eye
of a moth reflects little or no light. This allows the moth to see well in the dark, without
reflections to give its location away to predators. The structure consists of a hexagonal
pattern of bumps, each roughly 200 nm high and spaced 300 nm center-to-center [77].
This kind of antireflective structure works because the bumps are smaller than the wave-
length of visible light, so the light sees the surface as having a continuous refractive index
gradient between the air and the medium, which decreases reflection by effectively remov-
ing the air-lens interface. Current microfabrication technology gives the opportunities to
create such nanostructures. It is important to note that the size of the protuberances
effects the antireflective properties. The lateral size determines the lower wavelength limit
of light that is not reflected [73]. To create no diffraction at any incidence angle, the
so-called grating equation delivers the minimal structure period 푝 as in Eq. 3.3 [73]. Con-
sequently, the optical properties of this type of anti-reflective surface are limited by the
aspect ratio (structure depth : structure width). The reflectance of the surface decreases
with increasing structure depth [75]. It is also found that the height of the structures ℎ
determines the upper wavelength limit (Eq. 3.4) [73].
푝 ≤ 휆푚푖푛
2푛
(3.3)
ℎ >
휆푚푎푥
2
(3.4)
The overall reflectance is a function of the anti-reflective layer thickness 푑 and the
wavelength 휆 of the incident light. A substantial antireflection is obtained if the ratio 푑/휆
is about 0.4 or higher [78]. In order to achieve broadband anti-reflective properties, it
is necessary to create a gradual refractive index over sufficient depth [74]. Southwell et.
al calculated that the optimum anti-reflective properties are achieved by a pyramid-array
nanostructure and the structure of the side walls determines the minimum reflection with
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respect to the refractive index of the material [79]. For fused silica with a refractive index
of 1.46, the ideal profile would have a slightly broader shape at the pyramid base.
Theoretical calculations can be made based on those considerations in order to picture
the desirable antireflective structure depending on the application. For example, for ul-
traviolet (UV) and deep UV applications (wavelength between 200 nm and 400 nm) using
fused silica material with a refractive index of 1.46, the structure needs to have approxi-
mately 70 nm lateral structure period and about 250 nm height [73]. The antireflection in
UV and DUV regions are important in the case of high-energy laser applications. However,
obtaining the antireflective properties in this spectral region is difficult to implement and
very expensive [80]. While the multilayer coatings are commonly used in the visible range,
the number of available materials with a suitable refractive index to produce broadband
antireflective coatings in the UV and DUV spectral region is limited.
Various techniques including electron-beam writing [81], mask lithography [82], and
interference lithography [75] have been employed to produce desirable nanofeatures for
anti-reflective surface purposes [68]. Antireflective materials also have been produced by
combining dry etching with self-assembly based methods including porous alumina [83]
and block copolymers [68]. The employment of randomly deposited nanosized clusters to
produce stochastic distributed arrays of nanotips has been reported to have remarkable
antireflective properties over a broad spectral region [84]. Those approaches, however, do
not allow for controlling the structural parameters like the height and the spacing period
of the nanostructures.
In this work, gold nanoparticles produced by block copolymer micelle lithography,
BCML, are used as a lithographic resist to generate an array of nanopillars on fused
silica and glass. By combining the self-assembly technique and reactive ion etching (RIE),
an extended nanopillar array with controllable parameters such as the inter-pillar spacing
and the pillar height can be easily achieved for anti-reflective applications.
3.2 Cellular response to nanoscale topography
The utilization of biomaterials for medical treatments nowadays has been greatly increased
especially for artificial organs, biomedical devices, and engineered tissues [85–88]. Since
biomaterials for medical applications are intended to be in contact with the human body,
the understanding of interactions between cells and the material surfaces are crucial for
applications. Experiments have been conducted to investigate cell-surface interactions, yet
many questions remain unsolved. Several factors including the surface chemistry, elasticity
and topography have been reported to influence the cellular responses to surfaces [89–92].
How and why cells respond and interact with surfaces in many different manners is not
fully understood.
In fact, the knowledge of cellular responses to micro-scale topographies has been well-
known for years [93–96]. Cell functions including adhesion area, forces, proliferation,
differentiation and motility can be regulated by parameters such as the scale of topography
(few nanometers to micrometer scale), the type of topography (e.g. grooves, ridges, steps,
pits and pillars) or the symmetry of the structure (e.g. orthogonal or hexagonal packing)
[85]. However, cellular interaction with the surface takes place on a smaller scale through
its adhesion points so-called focal adhesions which are in a range of 5-200 nm [3]. Some
recent reports show that increasing nanoscale roughness weakens the cell attachment and
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decreases the proliferation [97, 98], while some others report the opposite [88, 99]. These
varieties in experimental results might be related to the differences in the cell types, the
physico-chemical properties as well as the topography of the substrate [100].
Experimental studies on the influence of nanoscale topography on cell behaviors have
mainly been obstructed by the lack of nanofabrication techniques to generate functional
structures. Recently, nanoscale patterns or topographies have been generated by several
methods including nanoimprint lithography (NIL) [86,101], nanosphere/colloidal lithogra-
phy [5, 102–104], dip pen lithography [2], e-beam lithography [105], and block copolymer
lithography [3, 106]. Among those methods, electron beam lithography gives the most
precise structures. However, most of these methods are either time consuming, expensive
and/or resulting in a small area (few square microns). This inability to achieve a uniformly
nanostructured surface over a large sample area as several cm2, which is crucial for cell
experiments, is a disadvantage.
So far, the influence of nano-topography on cell reaction to a surface has been proven us-
ing various nanoscale patterns such as gratings [4,86], columns [102–104,107], pores [108],
pits [5], dots [3, 106], sharp tips [98] and other surface roughness [87]. Previous stud-
ies have shown that cells interact with biofunctionalized gold particle arrays by creating
small filopodia grabbing one of the gold particles [3, 106]. In addition, Arnold et.al have
also shown that the distance between cell-adhesive points effects the cell attachment and
spreading. Meanwhile, other researchers have reported that increasing nanostructural
height of three-dimensional arrays leads to the observation of fewer cells with smaller cell
size [98].
Therefore, it would be very interesting to combine these two kinds of topographic pa-
rameters (tunable distance of cell-adhesive points and three-dimensional nanostructures)
and to use them for controlling the attachment of cells. By incorporating the nanoscale
structure topography with biological binding sites, we envision that the most enhanced
results are to be gained. This can be achievable if there are active binding sites through-
out the surface which can be easily captured by the cells. Motivated by these potential
advantages, a new fabrication method for creating nanopillar arrays with gold on top and
their application to cellular attachment are proposed.
In this work, a combination of block copolymer micelle lithography (BCML), parti-
cle enlargement and reactive ion etching (RIE) is employed to fabricate silica nanopillar
arrays. The gold particles have to be large enough (approximately 50 nm) in order to
serve as a mask during the etching process as well as remaining at top of the pillar for
providing the binding sites. The particle enlargement was performed via an electroless
deposition technique and the etching parameters were controlled to leave some part of the
gold particle on top of the structures.
3.3 Block copolymer micelle nanolithography (BCML)
Block copolymer micelle lithography (BCML) allows for the fabrication of smaller struc-
tures compared to conventional photolithography which is commonly used in today’s mi-
crofabrication technologies [27, 46, 47, 52, 109–111]. The conventional photolithography is
limited due to diffraction of light, backscattering from the substrate and difficulties in
developing the patterns as the scale and critical device dimensions decrease [52].
BCML is a versatile and inexpensive technique to generate uniform and periodic nano-
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scale structures over large areas [109,110]. Structures with feature sizes below 100 nm can
be synthesized based on the spontaneous self-assembly of amphiphilic block copolymers
into microphase-separated morphologies [47]. BCML has been used for patterning dense
periodic arrays of nanostructures [46,47,109] that are suited for a number of applications
such as nanowires [27, 111], quantum dots [45, 46], magnetic storage media [43], photonic
crystals [112], semiconductor capacitors [113], and anti-reflective surfaces [68, 114,115].
A block copolymer molecule contains two or more polymer chains (blocks) attached to
each other by a covalent bond [46,116,117]. Diblock copolymers consist of two chemically
different polymer chains. Spontaneous self-assembly of block copolymers into different
intermolecular phases is possible due to connectivity constraints, entropic factor and in-
compatibility between the two polymer chains [46, 116]. The simplest diblock copolymer
can generate spheres, cylinders, double gyroid, or lamella morphologies [118].
These nanoscale morphologies depend on molecular weight, segment size and the
strength of interaction between the blocks, represented by the Flory-Huggins interaction
parameter, 휒 [117]. This parameter describes a mathematical model of the thermodynam-
ics of polymer solutions (see Eq. 3.5). 훿1 and 훿2 represent the solubility parameters of the
polymers, 푉1 is the molar volume of the solvent and 푅 and 푇 are the real gas constant
and temperature, respectively. The sizes and periods of block copolymer morphologies
are governed by the block dimensions and are typically in the order of 10 nm [46]. By
choosing appropriate blocks with a high Flory-Huggins interaction parameter, 휒 [116] and
by decreasing the block lengths [46], structures smaller than 10 nm are also obtainable.
휒 =
(훿1 − 훿2)2푉1
푅푇
(3.5)
In a very low concentration, block copolymers in solution can exist as single chains.
When the concentration of the block copolymers reaches a critical value, the so-called
critical micelle concentration (CMC), block copolymers begin to form micelles, with the
insoluble block in the core and the soluble block pointing outward [119, 120]. These
micelle cores resemble nanoreactors which give a wide range of possibilities to incorporate
a precursor component of a nanocrystal to the core of the micelle [25].
The block copolymers utilized in this thesis consist of a non polar polystyrene (PS) and
a polar polyvinylpyridine (PVP) chains dissolved in non polar solvents such as toluene
or xylene. Since toluene is selectively a good solvent to polystyrene and a poor one to
polyvinylpyridine, the block copolymer self-associate through a closed association process
(a discontinuous formation of compact finite size objects) to form micelles similarly to
low molecular weight surfactants. Fig. 3.3 shows schematically the PS-푏-P2VP block
copolymer, the micelle formation in the toluene solvent and the salt loading into the core
of the micelle.
Loading of metal salts into the micellar core is achieved by complexation or protonization
of the precursors to the functional groups in the polymer chains [28]. Different metal salts
such as Au, Ag, Pd, Pt, Co, Ni [28,121] have been reported to be inserted into the micellar
core allowing for the synthesis of different nanoparticle arrays. In this thesis, gold salt
(HAuCl4) is used as depicted in Fig. 3.3.
By spin-coating the solution on a substrate or dipping the substrate into the solution,
micelles are deposited onto the surface forming a quasi-hexagonally packed arrangement.
However, dipping the substrate into the polymer solution with controlled speed is found
to be simpler and more reliable [28, 121] in comparison to spin coating. The solution
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Figure 3.3: Schematic of block copolymer micelle nanolithography (BCML). (a) Structural for-
mula of PS-푏-P2VP block copolymer. (b) Micelle formation from a PS-푏-P2VP block copolymer
and loading of the gold salt into the micelle core. (c) Dip coating and subsequent plasma treatment
of the micellar film leads to an array of gold nanoparticles.
evaporates slower if dip-coating is used leading to a single layer and more ordered ar-
rangement [121]. In a next step, the precursor salts are reduced to the corresponding
metals by exposing the loaded-micelle film to hydrogen or oxygen plasma. This process
also removes the polymer matrix leading to the formation of ordered metallic nanoparticle
arrays [28].
This method is applicable to a large family of substrates which only need to be resistant
to the solvent of the block copolymer and are stable against the plasma process. Previous
studies report on the successful application of different surfaces such as glass, silicon,
titanium, diamond, sapphire or Al2O3, SrTiO3 and mica [28, 121,122].
One more advantage of this method is the wide range of sizes and spacings of the desired
nanoparticles which can be achieved, allowing for the fabrication of a variety of different
nanostructures. Glass et. al [29] reported that the molecular weight of the block copolymer
determines the inter-particle spacing as shown in Fig. 3.4. In addition, the concentration
of the polymer solution as well as the dipping velocity play a role on determining the
interparticle spacing. It is possible to produce gradual variations in interparticle spacings
of nanoparticle arrays on one surface by varying the dipping velocity [12].
Fabrication of nanoparticle arrays using BCML is even more versatile by combining
it with electroless deposition. Recently, a couple of protocols have been reported to
subsequently increase the particle size while keeping the order stable [121] (Fig. 3.5).
The combination of BCML and electroless deposition is a new way to a two-dimensional
nanoparticle size gradient. Without any particle enlargement, the average size of gold
particles obtained by BCML is around 1-15 nm [28, 29, 122]. However, electroless depo-
sition can enlarge the particle size up to approximately 50 nm [121]. The larger particle
can serve two purposes: (1) as a more ’resistant’ etching mask leading to a higher aspect
ratio of an etched structure (depth:width) for anti-reflective applications and (2) remain-
ing gold residues on top of the pillars for coupling of specific biomolecules for biological
applications.
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Figure 3.4: SEM images of loaded micelle (a-d) and nanoparticle arrays (e-h) prepared from
different block copolymers; (a & e) PS(190)-푏-P2VP(190), (b & f) PS(500)-푏-P2VP(270), (c & g)
PS(990)-푏-P2VP(385), and (d & h) PS(1350)-푏-P2VP(400). Numbers in parenthesis indicate the
number of units per block. Insets are the Fourier transformed images. Taken from [29].
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Figure 3.5: Two electroless deposition strategies to increase the nanoparticle sizes. (a) Dip
coating of the substrate to form a loaded micellar monolayer. (b) Strategy 1: Hydroxylamine
reduction of gold salt onto gold seeds involving a silanization of the surface. (c) Strategy 2: A
remaining polymer shell arising from the block copolymer allows for gold nanoparticle enlargement
by electroless deposition without loosing the high order of the array. Adapted from [121].
4 Materials & methods
Two different nanopillar array profiles were fabricated to be used for two different appli-
cations. However, the synthesis methods are quite similar and will be presented in the
following. In general, a combination of BCML, particle enlargement and RIE was used.
Table 4.1 shows the block copolymers used in this work, purchased from Polymer Source
Inc., Montreal, Canada. In the sections below, each method will be described in detail.
Product ID 푀푁 (PS) 푀푁 (PVP) Number Number 푀푊 /푀푁
(g/mol) (g/mol) (S units) (VP units)
P4707-S2VP 52200 34000 501 323 1.05
P4988-S2VP 11000 52000 1056 495 1.15
P4713-S2VP 216000 60000 2076 571 1.05
P3199-S2VP 557000 75000 5355 714 1.07
Table 4.1: List of block copolymers used in this work. 푀푁 , 푆, 푉 푃 , and푀푊 respectively represent
molecular number, number of styrene units, number of vinyl pyridine units and molecular weight
of the polymers. For practical reasons, each polymer is later abbreviated by its 푆 unit number.
4.1 Fabrication of nanopillar arrays for antireflective surface
applications
Three sequential steps for fabricating nanopillar structures are used. BCML was used to
generate gold particle arrays as etching mask followed by electroless deposition in order to
enlarge the etching mask particles. Subsequently, a reactive ion etching (RIE) is carried
out to generate nanopillar structures.
4.1.1 Synthesis of particle seeds inside the micellar cores
Regular arrays of gold nanoparticle seeds are deposited onto quartz surfaces using BCML.
Polystyrene-block-poly(2-vinylpyridine), PS-b-P2VP diblock copolymer with a polystyrene
unit number of 501 and polyvinylpyridine unit number of 323 (so-called Polymer 501) was
dissolved in toluene (5 mg/mL) and stirred for 24 hours at room temperature. Tetra-
chloroaurate (III) (HAuCl4) (purchased from Sigma-Aldrich) was used without further
purification and added to the polymer solution with a specific loading parameter of 0.4.
퐿 =
푛[푀푒]
푛[푃2푉 푃 ]
(4.1)
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This stoichiometric loading parameter (퐿), is defined in Eq. 4.1 where [푀푒] is the
metal salt concentration and [푃2푉 푃 ] is the concentration of block copolymers. Quartz
substrates were obtained from the Carl-Zeiss AG and were cleaned with piranha solution,
a mixture of H2O2:H2SO4 (1:3) 푣/푣, overnight prior to the dipping process. Dipping of
quartz substrates into the polymer solution was carried out using a costumized dipping
machine with a controllable speed of 5-50 mm/minute. The samples were subsequently
exposed to a short hydrogen plasma treatment (200W, 0.5 mbar, for 1 minute) using a
TePla 100-E microwave Plasma system to create particle seeds in the micellar cores.
4.1.2 Nanoparticle enlargement by electroless deposition using hydroxylamine
Enlargement of the gold nanoparticles employed in this section was achieved by using a
method described in [121, 123]. A short hydrogen plasma activation as described in the
paragraph above was carried out to initiate the process. This process led to the formation
of small gold nanoparticles which later on act as seeds during the enlargement process. The
remaining polymer shell acts as a template at the surface to keep the particles in position
during the gold particle growth. By immersing the surface into a mixture solution of 0.1%
HAuCl4 and 0.2 mM NH3OHCl (1:1), the growth of the gold particles was started. After
that, the polymer matrix can be removed from the surface by exposing the sample to a
hydrogen plasma (150W, 0.4 mbar, 45 minutes).
4.1.3 Reactive Ion Etching (RIE) for the fabrication of high aspect ratio
nanopillars
Different etching recipes were applied to surfaces decorated with nanoparticles using a
Plasma Lab system 80 Plus ICP-RIE apparatus. Recipes employed in this work are listed
in Table 4.2. The etching parameters were individually varied in order to achieve nanopillar
arrays with high aspect ratio (see subsection 2.2.2 about RIE). The DC bias can not be
controlled in the used RIE configuration. However, DC bias with values between 200-350
W was induced by the RIE RF power of 100-150 W.
No Time Temp. P RF Power Gas mixture
(minute) (∘C) (mTorr) (W) (sccm)
1 1-12 20 10-70 100-200 CF4 (25) & Ar (25)
2 1-12 20 10-70 100-150 CF4 (30) & Ar (20)
3 1-12 20 10-70 100-150 CF4 (40) & Ar (10)
4 1-12 20 10-70 100-150 CF4 (50) or SF6 (50) or
Ar (50) or CHF3 (50)
5 15-20 20 10 30 CHF3 (20) & CF4 (2)
6 1-2 20 98 100 SF6 (50) & O2 (10)
Table 4.2: List of etching recipes to create nanopillars with high aspect ratios which are suitable
for anti reflective applications.
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4.2 Synthesis of nanopillar arrays with gold on top for biological
applications
Nanopillar arrays with gold on top can be fabricated on any surface which consists of a top
layer of silicon dioxide (SiO2) with a thickness in the range of 50-500 nm depending on the
desired height of the pillars. There are three sequential steps for fabricating such struc-
tures. The gold particle arrays acting as the etching mask are synthesized by BCML, then
the gold particles are enlarged by electroless deposition in order to grow the particles large
enough to act as an etching mask as well as remain on the top of the pillar. Subsequently,
a reactive ion etching (RIE) is carried out to generate the cone-shaped structures.
4.2.1 Synthesis of gold nanoparticle arrays
Gold nanoparticle arrays are generated on the SiO2 surface using BCML as mentioned
in section 4.1. Three different block copolymers are used in this section in order to get
different inter-particle/inter-nanopillar distances. The three polystyrene(푥)-block -poly(2-
vinylpyridine)(푦) block copolymers which were used are (PS(푥)-b-P2VP(푦)) with 푥 and 푦
= 501, 323 (Polymer 501); 1056, 495 (Polymer 1056); 2076; 571 (Polymer 2076) and 5355,
714 (Polymer 5355), respectively (see Table 4.1). 푥 and 푦 represent the numbers of the
theoretical repeated units as calculated by the initial monomer/initiator feed ratio. Except
for the Polymer 501 solution which was prepared to have a concentration of 5 mg/mL and
a loading of 0.4, other polymer solutions were prepared with a concentration of 3 mg/mL
and a loading of 0.4. Hydrogen plasma treatment (150W, 0.4 mbar, 45 minutes) was
carried out to reduce the metal salts into their corresponding metals as well as removing
the polymer matrix.
4.2.2 Light-assisted nanoparticles enlargement
The next step was to increase the size of the gold nanoparticles by light-assisted nanopar-
ticle enlargement. This method has been developed by Morhard et.al as described in a
pending patent [124]. Briefly, to maintain the order of the gold particle array, the SiO2
surface was modified with a silane and afterwards immersed in a mixture of a reducing
agent and HAuCl4. Upon illumination, the gold nanoparticles grew to the desired size.
4.2.3 RIE for fabrication of cone-shaped nanopillars
A RIE process is applied to etch the SiO2 layer. A Plasma Lab 80 Plus ICP-RIE system
is used, with a mixture of CHF3 and CF4 (10:1 respectively) at a total pressure of 10
mTorr, a temperature of 200C and a RF power of 30 W. The gold particles act as a ’mask’
for the etching resulting in the formation of cone-shaped structures with gold particles
located on top. The nanopillar with gold on top arrays can later be biofunctionalized
with different molecules such as proteins or antibodies for instance, making the surfaces
especially interesting for biological applications.
5 Nanopillar arrays
In this Chapter, the fabrication of nanopillar arrays will be discussed. The generation of
gold nanoparticle arrays using BCML is explained in Section 5.1, which also covers the
particle enlargement process. Due to their higher stability against the plasma treatment
compared to the material underneath, the gold nanoparticle serves as an etching mask
during the RIE process and protects the underlaying material. As a result, pillar structures
in a dimension of tens of nanometers were obtained. Two different nanopillar profiles are
fabricated on quartz and on glass surfaces and are presented in Section 5.2 and Section
5.4, respectively. The effects of the RIE parameters on the nanopillar profiles are also
addressed in detail in Section 5.3.
5.1 Fabrication of gold nanoparticle etching masks by BCML
Nanoparticle arrays, which later act as etching masks, were fabricated using BCML. The
particle spacing was varied by employing different block copolymer chain lengths (see Fig
5.1). Since these arrays will serve as etching masks during the RIE process, the order and
the quality of the nanoparticle patterns define the order and the quality of the resulting
nanopillars.
The average particle spacings of nanoparticles fabricated by using Polymer 501, Polymer
1056, Polymer 2074, and Polymer 5355 solutions were measured to be 60±14, 80±15,
100±16 and 120±25 nm, respectively (dipping velocity = 35 mm/minute). The average
particle sizes were measured to be in a range between 10±1 and 15±2 nm. The difference
in particle size formed by various diblock copolymers is related to the different micellar
core size that each polymer forms in the solvent. A smaller micellar core size allows only
the loading of a smaller amount of gold precursor into the core resulting in a smaller
particle size. However, the micellar core size is not linearly correlated to the polymer
chain length because the formation of the micellar core also depends on other parameters
such as the salt concentration (loading parameter), and electrostatic interactions between
block copolymer chains as well as between the block copolymers and the solvents [125].
In order to produce either nanopillars with a high nanopillar aspect ratio or pillars
with gold residues on their tops after the etching process, larger etching mask particles
(≈ 50 nm) are needed. Particle enlargement was performed via electroless deposition
using two different approaches. Fig. 5.2 shows SEM pictures of micellar monolayers, gold
particle arrays after plasma treatment (short (5 minutes) and thoroughly (45 minutes))
and enlarged gold particles after electroless deposition. In the first approach, the so-called
hydroxylamine method, a hydrogen plasma treatment is applied shortly (5 minutes) in
order to reduce enough gold to form seeds (Fig. 5.2.b). A metal seed is necessary to
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Figure 5.1: SEM images of gold nanoparticle arrays prepared from different diblock copolymer
solutions. (a) PS(501)-푏-P2VP(323) or Polymer 501, (b) PS(1056)-푏-P2VP(495) or Polymer 1056,
(c) PS(2076)-푏-P2VP(571) or Polymer 2076, and (d) PS(5355)-푏-P2VP(714) or Polymer 5355. The
average particle spacings were 60±14, 80±15, 100±16 and 120±25 nm for Polymer 501, Polymer
1056, Polymer 2074, and Polymer 5355, respectively. The average particle sizes were measured to
be in a range between 10±1 and 15±2 nm. The scale bar is 200 nm.
allow for the hydroxylamine reduction to occur. The polymer matrix remained on the
surface to conserve the order of the particle arrays as well as as a template core for the
enlargement process. Subsequently, the sample was immersed into an aqueous solution of
gold precursor (HAuCl4) and NH3OHCl. Next, a plasma treatment is needed to remove
the polymer matrix (Fig. 5.2.c).
In the other approach the gold precursor is completely reduced to metal nanoparti-
cles and the polymer matrix is completely removed directly after dip-coating by plasma
treatment. This results in an array of nanoparticles on the surface. Silanization was
subsequently applied in order to fix the gold nanoparticles at their positions surrounded
by the silane layer and to preserve the order of the array (Fig. 5.2.d). The electroless
deposition was then started by exposure to light (Fig. 5.2.e). The light catalyzed the
redox reaction occuring in the solution in a more controllable way compared to the one in
the hydroxylamine method.
As shown in Fig. 5.4, electroless deposition using the hydroxylamine approach resulted
in an average particle growth rate of 1 nm/second. The redox reaction occurs rapidly
and in a simultaneous way (Fig. 5.3), making it difficult to control the final size of the
particles. The particle size distribution was observed to be broader with increasing reaction
time. Furthermore, the quasi-hexagonal order of the nanostructure was lost due to random
particle lift-off and/or particle aggregation. It was also noticed that the aggregation started
after a reaction time longer than 1 minute.
Fig. 5.5 shows the growth of gold nanoparticles during the enlargement process using
the light-assisted method. The average growth rate was measured to be 5 nm/minute. In
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Figure 5.2: SEM micrographs of nanostructure arrays during particle enlargement using hydroxy-
lamine (a, b & c) or light (a, d & e). (a) Micelles on the surface, (b) gold particle seeds after a short
hydrogen plasma treatment, (c) particle arrays resulting from the hydroxylamine method, (d) gold
particles surrounded by a silane layer and (e) enlarged particles resulting from the light-asissted
method.
+ Au + NH OHCl
3+
(aq) (aq)3
d
d + x
Figure 5.3: Schematic of redox reaction between hydroxylamine and gold ions catalyzed by gold
seeds during electroless deposition process. Adapted from [123].
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Figure 5.4: Particle size as a function of reaction time (above) and SEM images of the enlarged
gold nanoparticles (below) obtained by the hydroxylamine method. The gold particles were im-
mersed into an aqueous solution of gold precursor (HAuCl4) and NH3OHCl for 5 (a), 10 (b), 20
(c), and 30 seconds (d) leading to the formation of particles with average particle sizes of 15±1,
23±2, 38±3, and 42±4 nm, respectively. The random particle lift-off and particle aggregation were
observed after longer reaction times. The scale bar is 200 nm.
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the first minutes, each particle grew at a different rate. In addition, the growth direction
was not homogeneous, leading to the formation of different types of particle shapes such
as triangles, hexagons, rods and ovals. Consequently, the particle array lost its quasi-
hexagonal order. A broader size distribution of the enlarged particles was also observed. It
was noted that the disorder can be reduced by controlling the electroless deposition process
either by reducing the concentration of the gold solution or by reducing the reaction time.
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Figure 5.5: The growth of gold nanoparticles during enlargement using the light-assisted method.
The plot of the particle size as a function of the reaction time (above) shows a more linear growth
on the time scale of minutes and the SEM images (below) depict the sustained particle order even
after a long reaction time. The reaction times for (a-d) were 2, 5, 7 and 15 minutes resulting in
enlarged particles array with sizes of 15±1, 30±3, 45±5, and 80±9 nm, respectively. The scale bar
is 500 nm.
Compared to the light-assisted method, the hydroxylamine approach has the advantage
that the particle enlargement can be performed without any additional surface modifi-
cation. However, the random particle lift-off tends to occur more often by using this
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technique. Moreover, due to the very fast reaction, the electroless deposition process is
difficult to control. Even though an additional modification needs to be applied onto the
substrate, the light-assisted method gives a more reliable enlarged particle array with a
controllable final particle size.
5.2 Quartz vs. glass nanopillars
Synthesized gold nanoparticles described before were used as etching masks in order to
create various three dimensional nanostructures with desirable features by RIE. In general,
a similar RIE condition applied to glass and quartz substrates lead to different etch profiles
even if the gold nanoparticle mask is identical. A glass substrate is considered as an
amorphous silicon oxide with some impurities (contained of rare earth and aluminium
oxides with additional alkali oxides [21]), whereas quartz or fused silica is a higher purity
form of silicon oxide. On glass substrates, cone-shaped structures are achieved, whereas
on quartz straight nanopillars are obtained (Fig. 5.6).
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Figure 5.6: SEM images of nanostructured surfaces: cone-shaped structures on glass (a & c),
and straight pillars on quartz (b & d). Due to the different chemical ingredients in the amorphous
glass compared to the pure silica (quartz), the chemical reaction rate between the reactive ion
species in the plasma and the glass surface is not constant whereas quartz was consistently and
anisotropically etched. The scale bar is 200 nm.
The different etching behavior of these two materials is based on the different chemical
ingredients in the amorphous glass compared to pure silica (quartz) which results in dif-
ferent etch rates. In glass, silicon oxide is in an amorphous form with different chemical
ingredients which lower the etching rate, alter the etching direction from time to time
and lead to inhomogenous etching. A previous study showed that small concentrations
of impurities (≥ 25 ppm) such as Al, Ca, Na in silica glass decrease the etch rate by 25
% compared to a silica substrate with higher purity (impurity of 0.2 ppm) in CHF3/CF4
plasmas [21].
5.3 Quartz vs. glass nanopillars 37
In addition, it has been reported that the chemical reaction rate between the reactive
ion species in CF4 plasma and glass surfaces is not constant during etching [22]. The
chemical reaction that is responsible for chemical sputtering only occurs in the initial
stages. As etching continues, the less-volatile species (e.g. AlF3, CaF2, and NaF with
boiling points of 1276, 2533, and 1702 0C, respectively) accumulate on the glass surface
and upon reaching a treshold concentration, the etch rate depends only on the physical
sputtering.
On the other hand, the etching of quartz was consistently anisotropic. The bias voltage
leads to anisotropic etching due to the directional nature of the bombardment catalyzing
chemical reactions as well as physical sputtering. As a result, straight pillars were obtained
on the quartz substrate whereas a broader, pyramid-like structure was obtained on glass.
A higher etch rate on quartz compared to the one on glass was also observed. The average
etch rates of the underlaying glass and quartz were measured to be approximately 25±2
and 40±5 nm/minute, respectively, whereas the average etch rate of the gold particle was
less than 4 nm/minute using the respective etching process.
Even though the etch rate of the gold particle is quite low compared to the one of silica
or quartz, the gold particles started to diminish after a period of etching time and lose
their role as masks. The slow removal of the gold particle mask leads to the destruction of
the unmasked pillars after longer etching times. The gold particle mask needs to be large
enough in order to allow for the fabrication of larger structure depths by increasing the
etching time. The same procedure should be followed if gold residues shall remain on top
of the structure after the etching. The gold particle size can be increased by nanoparticle
enlargement. Details about the particle enlargement are explained in Section 5.1.
For fabrication of antireflective surfaces, the hydroxylamine seeding method was carried
out in order to prepare large gold nanoparticles. Nanoparticles with sizes of approximately
45 nm were achieved before the order of the particle got lost due to random particle lift off
during the electroless deposition process. Based on theoretical calculations as described
in Section 3.1, the optimum antireflective properties on quartz should be achieved by an
array of pyramid-like or cone-shaped nanostructures with a high aspect ratio. However,
using the respective etching process and 15 nm gold particles as etching masks straight
nanopillars with limited height were obtained. Therefore, the employment of a larger
particle mask was proposed. Hypothetically, a larger gold particle mask could influence the
morphology of the etched structure and allow for the fabrication of cone-shaped structures
on quartz [126]. Fig. 5.7 depicts a scheme of the fabrication of cone-shaped structures on
quartz for antireflective surface preparation using a larger gold particle etching mask.
Indeed, larger gold nanoparticles resist longer in the etching process, resulting in deeper
nanopillars (up to 250 nm). However, holes on the tip of the pillars were observed (Fig.
5.8). Lohmueller et. al obtained the same phenomena [68]. They proposed that due to
the electrostatic shielding of the gold particles above the insulating layer of silica, the
etching process forms hollow nanopillars. At a metallic-insulator interface such as gold on
silica surfaces, the ion species generated in the RIE plasma are focused on and directed to
the conductive parts. Consequencely, a strong depletion of reactive ions and an enhanced
etching process below the nanoparticles occurs.
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Figure 5.7: Scheme of the fabrication of cone-shaped structures on quartz for fabrication of an-
tireflective surfaces using a larger gold particle etching mask (a & b). (c) Straight pillars were
obtained on silicon substrate by using 15 nm gold particle masks and (d) cone-shaped structures
were achieved by using 50 nm gold particles. A larger gold particle mask influence the morphol-
ogy of the etched structure, allows for the fabrication of cone-shaped structures on quartz and
additionally the generation of higher aspect ratios.
5.3 Influence of the etching parameters on nanopillar profiles
The adjustment of the gas composition, RF power and pressure in an RIE process is cru-
cial in order to combine the chemical and physical effect of the etching and to achieve the
desired nanostructure characteristics. The influence of the etching parameters on the fab-
rication of high aspect ratio nanopillars was investigated by varying one parameter while
keeping the others constant. Recipes were applied to the same batch of gold nanoparticle
loaded surfaces (either from Polymer 501 or Polymer 1056 solutions). The three param-
eters under investigation were gas composition, RF power, and chamber pressure. The
influence of the etching time was explained earlier in Section 5.2.
The chosen gas composition in the RIE process significantly influences the resulting
nanopillar structures. Each gas generates different ion species in the chamber which even-
tually cause different chemical/physical reactions in the chamber. We investigated four
different gasses including Ar, CF4, CHF3, and SF6. Etching recipes are shown in Table
4.2. Etching time, pressure, and RF power were always 4 minutes, 40 mTorr, and 150 W.
Fig. 5.9 displays the effects of the different gasses on the nanopillar structures.
The following conclusions can be drawn from these results. The etching gas influences
the selectivity of the etching process. Gasses such as CF4, CHF3 and SF6, which generate
more radical particles, are likely to initiate more chemical reactions compared to physical
bombardments. On the contrary, the use of Argon gas in the RIE process generates more
charged particles (Ar+ ions) than radical species. These Ar+ ions can physically etch
the mask (i.e gold nanoparticles) whereas the radical species are important for initiating
chemical reaction with the substrate underneath. However, the Ar+ ions also define the
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Figure 5.8: Quartz nanopillars with holes on the tip. (a) Schematic description of the etching
process resulting in pillars with holes on the tip. Adapted from [68]. Side view SEM images of
the nanopillars taken at different magnifications (b & c) and top view image (d). Due to the
electrostatic shielding of the gold particles above the insulating layer of silica, the etching process
leads to the formation of hollow nanopillars.
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Figure 5.9: SEM images of nanopillar structures obtained by using different gasses for etching;
(a) Ar, (b) CF4, (c) CHF3 and (d) SF6. The samples were fabricated using etching recipes number
4 as described in Table 4.2 with different etching gases. The etching gas influences predominantly
the selectivity of the etching process.
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direction of the etching, increase the etch rate and lead to a more anisotropic process [53].
It was found that gold nanoparticles diminished faster and lose their role as etching masks
after a short etching time when Argon was used in the RIE (Fig. 5.9.a).
During chemical etching processes, the plasma plays no other role than producing the
etchant species [53]. Consequently, the etchant species are emitted to all directions. In this
typical case, a slightly undercut etch is obtained as seen in Fig. 5.9.b. CF4 disassociates
into species such as F∙, F2, ∙CF3, during the plasma process [53] and produces a rather
isotropic etch which results in undercut profiles. Similar to the CF4 gas, a fluorine-based
gas such as CHF3 also produces isotropic etching species in the plasma. Using CHF3 results
in a lower etch rate of quartz and consequently to the formation of shorter nanopillars
compared to the ones resulting from etching with CF4 (Fig. 5.9.c). Etching of quartz
using SF6 leads to porous-like nanopillars with smaller diameters (Fig. 5.9.d).
The effect of the RF power on the nanopillar structure is shown in Fig. 5.10. Etching
recipe number 1 as described in Table 4.2 was used. The plasma generates higher densities
of ions and radicals inside the chamber with increasing RF power. A higher RF power
escalates the physical sputtering of the substrate. Due to the increasing energy level of the
surface bombarding ions, higher etching rates of the substrates (both gold nanoparticles
and quartz substrate underneath) were observed from a RIE with a RF power of 200
W compared to the ones achieved at 100 W. The average etching rates of quartz using
RIE with RF powers of 100 W and 200 W were approximately 10±1 nm/minute and
25±2 nm/minute whereas the average etching rates of the gold particles were less than
2 nm/minute. However, the etching selectivity between the gold nanoparticles and the
quartz substrate decreases with increasing power. Moreover, the electrostatic shielding
effects as explained in Section 5.2 intensify significantly as the power rose. As a result,
broader pillars with low aspect ratios were obtained from etching processes using a higher
RF power (Fig. 5.10.c).
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Figure 5.10: Comparison of nanopillar profiles resulting from RIE performed with different RF
power. Higher power leads to broader pillars with low aspect ratio due to the higher etching rate
and lower selectivity of the etching between gold and fused silica/quartz. Samples were etched
using RIE recipe number 1 in Table 4.2 with an etching time and a pressure of 4 minutes and 40
mTorr, respectively.
The other important parameter to be considered in an RIE process is pressure. With
escalating pressure in the plasma chamber, the ionization rate grows as a consequence of
higher electron impact on the etchant gas molecules inside the chamber. This gives a higher
electron energy as well as increases the amount of ions. Furthermore, etching at a higher
pressure has a higher impact on the physical sputtering than on the chemical reaction.
It also means that the process becomes more anisotropic at higher pressures. However,
as shown in Fig. 5.11, the obtained nanopillar profiles (such as heights and diameters)
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are not linearly correlated to increasing pressure. The depths of the nanopillars obtained
by etching with pressures of 10, 40, and 70 mTorr in average are approximately 300, 80,
and 120 nm, respectively. At a pressure of 10 mTorr, the etching process resulted in the
highest aspect ratio compared to the other results.
a b c
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Figure 5.11: Effect of pressure on nanopillar structures. Etching at a lower pressure (10 mTorr)
results in higher aspect ratios. Samples were etched using RIE recipe number 1 in Table 4.2 with
an etching time and a RF power of 4 minutes and 150 W, respectively.
5.4 Silica nanopillar with gold on top
The same arrays of gold nanoparticles presented before were also used as etching masks for
the fabrication of nanopillar structures with gold residues on top. The remaining gold on
the tops is crucial for biological applications where the binding to different kinds of proteins
is possible. Gold particles, which demonstrate a high biocompatibility, are also showing a
strong binding to amine and thiol groups. This has enabled surface modifications of gold
nanoparticles with various amino acids and proteins, leading to important biomedical
applications [127]. Protein-modified gold nanoparticles on a surface can be employed as
adhesive points for cell attachment purposes [3, 106]. Hence, future use of such materials
in clinical applications is envisioned.
Fig. 5.12 shows schematically the fabrication processes of the nanopillars with gold on
top. First, arrays of gold nanoparticles are deposited on the surface (Fig. 5.12.a). A
light-assisted particle enlargement is employed to increase the size of the gold particles.
Then the gold nanoparticles can act as a mask as well as remain on the top of the pillars
after etching (Fig. 5.12.b). A mixture of fluorine-based gases (CHF3 and CF4) was used
in the RIE process resulting in cone-shaped nanostructures with some gold on top (Fig.
5.12.c). For biological applications, different kinds of proteins can be attached to the gold
particle (e.g. thiol molecular linker systems) (Fig. 5.12.d).
As mentioned before, each etching recipe results in a different profile if applied to dif-
ferent substrates. The etching recipe used in here is a modified version of the one used on
quartz. While on quartz pillar structures are generated by using this RIE etching recipe,
this recipe leads to the formation of cone-shaped structures on glass or amorphous silica.
Since glass contains many chemical ingredients which influence the reaction mechanisms
occuring inside the etching chamber, the etching rate of glass is slower than the one of
quartz. The advantage of this nanofabrication method is that the structures can be fab-
ricated on any surface with a top layer made of silicon dioxide (SiO2) with thicknesses in
the range of 50-500 nm depending on the desired height of the nanostructure.
Fig. 5.13 shows cone-shaped structures obtained after different etching times. As ex-
pected, longer etching times produce deeper nanostructures. However, after 20 minutes
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(a) (b)
(c)(d)
Figure 5.12: Schematic of the fabrication process of cone-shaped nanostructures with gold on top.
(a) Arrays of gold nanoparticles were deposited on glass substrates using BCML. (b) Electroless
deposition was employed to increase the size of the gold particles in order to act as an etching
mask as well as remaining on the top of the cones. (c) A mixture of fluorine-based gases was used
in the RIE process resulting in cone-shaped nanostructures with some gold on top. (d) Different
kinds of proteins can be attached to the gold particles for biological applications.
some of the gold particles were removed from the top and lost their role as etching mask
resulting in destroyed nanostructures upon further etching. The average etching rate of
silicon oxide was 3 nm/minute and the gold particles were etched less than 1 nm/minute.
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Figure 5.13: Silica nanostructures obtained using different etching times (a-f) 5, 10, 15, 20, 30
and 45 minutes, respectively and a mixture of flourine-based gases. A longer etching time results
in deeper nanostructures (optimum at 20 minutes).
Fig. 5.14 summarizes the nanostructures fabricated by a combination of BCML, light-
assisted particle enlargement, and the RIE leading to the formation of cone-shaped nanos-
tructures. The first row shows SEM images of cone-shaped structures taken from a 450
angle from the surface, fabricated using three different block copolymers: Polymer 501
(first column), Polymer 1056(second column), and Polymer 5355 (third column)). Due to
the differences in the material contrast captured by using a BSE detector (see Section 2.3),
the different brightness of the gold particles and the amorphous silicon oxide underneath
are compared in the second row. As indicated in the images, gold particles are mainly
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located on top of the cones. Finally, cross-sectional SEM pictures are taken and shown in
the last row.
a b c
d e f
g h i
Figure 5.14: The nanostructures fabricated by a combination of BCML, electroless deposition,
and RIE using three different block copolymers: (PS(501)-푏-P2VP(323) (first column), PS(1056)-
푏-P2VP(495) (second column), and PS(5355)-푏-P2VP(714) (third column)). The first row (a-c)
shows SEM images of the nanopillars taken from a 450 angle from the surface. The second row (d-f)
depicts the differences in the material contrast between the gold particles and amorphous silicon
oxide underneath captured by using a BSE detector. The last row (g-i) shows cross sectional SEM
pictures.
Several images from four different spots of each surface and also from at least three
different samples from every batch of gold nanoparticles arrays were taken using Inlens, SE
and ESB detectors (details about SEM detectors are explained in Section 2.3). The SEM
images were analyzed by an ImageJ program [59]. The calculated nanocone dimensions,
listed in Table 5.1, were based on a simple mathematical calculation described in Appendix.
Three samples from every batch of gold nanoparticle arrays were utilized to obtain the
SEM data where the images were taken from four different spots on each surface using
Inlens, SE and ESB detectors. The calculation was executed with the assumption that the
particles and the cones are hexagonally ordered and the height of the cones is homogenous.
Fig. 5.15 represents the three dimensional scheme of the nanostructures where 푑, 푅, 푟, 푝,
and 휃 symbolize the inter-particle distance, the radius of the base of the pillar, the radius
of the gold particle, the slant height of the cone and the angle of the cone.
The radius of the gold particles on top and the radius of the cone base increase with
increasing chain length of the block copolymer. As discussed before in Section 5.2, the
presence of metallic and electrical conductive gold on top of insulating materials such as sil-
icon oxides cause a substantial sheath distortion in the vicinity of the conductor/insulator
interface. The reactive ions are focused onto the contact area between the gold nanopar-
ticles with the underlying silicon oxide substrate. Consequently, the reactive ions are
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Polymer
PS(501)-푏-
P2VP(323)
Polymer
PS(1056)-푏-
P2VP(495)
Polymer
PS(5355)-푏-
P2VP(714)
Polymer 501 Polymer 1056 Polymer 5355
Radius of the gold particle
on top(푟) (nm)
13 ± 2 14 ± 3 17 ± 3
Radius of the cone base
(푅) (nm)
28 ± 5 36 ± 4 42 ± 7
Distance between two
cones (푑) (nm)
65 ± 12 78 ± 16 105 ± 26
Slant height (푝) (nm) 56 ± 9 68 ± 8 76 ± 10
Angle (휃) (deg) 88 ± 21 89 ± 21 87 ± 26∑
particles in every 1 휇m
flat surface (푁)
289 ± 106 189 ± 32 105 ± 20
Total groovy surface area
in every 1 휇m flat surface
(휇푚2)
1.72 ± 0.26 1.68 ± 0.12 1.47 ± 0.09
Total surface area of gold
particles in every 1 휇m flat
surface (휇푚2)
0.34 ± 0.12 0.24 ± 0.04 0.18 ± 0.03
Table 5.1: Calculated dimensions of the cone-shaped structures fabricated from three block
copolymers (PS(501)-b-P2VP(323) or Polymer 501, PS(1056)-b-P2VP(495) or Polymer 1056, and
PS(5355)-b-P2VP(714) or Polymer 5355).
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Figure 5.15: Schematic representation of the dimensional aspects of the nanostructure profiles.
푑 represents the inter-particle distance, 푅 the radius of the base of the pillar, 푟 the radius of the
gold particle, 푝 the slant height of the cone, and 휃 represents the angle of the cone.
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more perpendicularly directed in the furthest region between the gold particles giving it
the deepest etch. This is reflected by the differences in the slant height, the angle and
the total surface area of the substrate. Nevertheless, approximately the same height was
obtained from the three different diblock copolymers.
In every square micrometer flat surface the structures have an average amount of parti-
cles of 289 ± 106, 189 ± 32, and 105 ± 20, respectively for the substrates fabricated from
Polymer 501, Polymer 1056, and Polymer 5355. The high amount of particles found on
surfaces prepared using Polymer 501 significantly affects the total surface area of the sub-
strate compared to the other substrates prepared by using the two other polymers. The
total surface area of the gold particles in every square micrometer flat surface obtained
from the Polymer 501, Polymer 1056, and Polymer 5355 are calculated to be 0.34 ± 0.12,
0.24 ± 0.04, and 0.18 ± 0.03 휇 m2, accordingly.
However, some gold might have been sputtered back randomly to the surface. To show
that the gold particles are mostly located on top of the pillars, additional experiments
were carried out. A particle enlargement process was applied to surfaces consisting of
nanocones with gold on top. Fig. 5.16 shows top (left) and side view (right) images of the
nanostructures after gold particle enlargement by electroless deposition. All pictures were
taken using an ESB detector (see Section 2.3) indicating that the gold particle mostly grew
on the top of the cones and in the further enlargement created some rooflike covering at the
crowns of the cones. However, thin films with high material contrast were also observed
in the valleys. This indicates that indeed some gold dust was randomly sputtered back to
the substrate during the etching process.
a b
c d
Figure 5.16: SEM pictures taken with an ESB detector of nanostructures after gold particle
enlargement for 10 minutes (first column) and for 20 minutes (second column) using electroless
deposition. Top view (first row) and side view (second row) images of the structures indicat that
the gold particles mostly grew on top of the cones and created some rooflike covering at the crowns
of the cones. However, thin layers with high material contrast were also observed in the valleys.
This indicates that some gold dust was randomly sputtered back to the substrate during the etching
process.
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Prior to the employment of the nanostructures in biological experiments, the surface
was functionalized with 3,3’-Dithiobis(sulfosuccinimidylpropionate) or (DTSSP), a water-
soluble, homobifunctional, thiol-cleavable and membrane impermeable crosslinker, and
laminin by Tobias Scho¨n. Contact angle measurements were performed to investigate
the effect of the biological functionalization on the hydrophobicity of the nanostructured
surface. The measurements were carried out prior to the surface functionalizations showing
the differences in hydrophobicity of the substrates (Fig. 5.17 first row). The Polymer 501
substrate gives the least hydrophobicity (510 ± 8) compared to the other two which have
a quite similar surface hydrophobicity (690 ± 18 and 610 ± 7, respectively for Polymer
1056, and Polymer 5355 substrates).
a b c
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Figure 5.17: Contact angles of nanostructures prepared using Polymer 501 (a & d), Polymer 1056
(b & e) and Polymer 5355 (c & f) before functionalization (first row) and after functionalization
with DTSSP and laminin (second row). The contact angles of the substrates (from a to f) are 510
± 8, 690 ± 18, 600 ± 7, 180 ± 2, 190 ± 3 and 210 ± 1. The surface functionalization normalizes
the surface characteristic toward water thus the surface hydrophobicity is a constant variable in
the following experiments.
The same measurements were performed again after the surface had been functionalized
with DTSSP and laminin (Fig. 5.17 second row). After functionalization, the hydropo-
bicity of all the surfaces normalized and thus they all have the same surface characteristic
toward water (180 ± 2, 190 ± 3 and 210 ± 1, respectively for Polymer 501, Polymer
1056, and Polymer 5355 substrates). These values give a confident proof that the surface
hydrophobicity of the substrates is a constant variable in the following experiments.
6 Applications
Materials with nanostructures such as nanopillars have been recognized to exhibit remark-
able and technologically attractive properties. Applications of nanopillars are emerging
in a vast number of fields from advanced materials to biological applications. Within this
chapter, the applications of nanopillar and nanocone structures to optical and biological
tasks are discussed in Section 6.1 and Section 6.2, respectively.
6.1 Antireflective surfaces
Antireflective surfaces play an important role in a wide range of application such as dis-
plays, solar cell technologies, and optical components. Theoritically, pyramid-like nanos-
tructures with broader shape at the pyramid bases would exhibit an ideal continuous
gradient of the refractive index at the interface between the material and the medium
creating an ideal antireflective surface. By mimicking the natural structure of the corneal
surface of a moth eye, a periodic nanoscale surface-relief structure can also exhibit antire-
flective properties. A combination of micellar nanolithography and RIE is employed to
generate high aspect ratio nanopillar arrays for these purposes.
a b c
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Figure 6.1: Antireflective surfaces. (a-c) The natural structure on a moth eye’s corneal surface
in different magnifications. Taken from [12]. (d) Fabricated nanopillar structure using etching
recipe number 4 in Table 4.2 with CF4 gas. Both structures have nanoscale protuberances which
are smaller than the wavelength of visible light. Hence, the light ’sees’ the surface as having
a continuous refractive index gradient between air and medium, leading to a decrease in light
reflection.
Fig. 6.1 depicts SEM pictures of the natural structure on a moth eye’s corneal surface
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(above) and fabricated nanopillar structures using a combination of methods described in
this work (below). Since the distance between nanopillars is smaller than the wavelength
of the incident light, the light resolves the material as a gradual boundary between air and
material resulting in an increased light transmittance. Both structures posses antireflective
properties.
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Figure 6.2: Transmission spectra of various nanopillar structures (above left) which were fabri-
cated using respective etching recipes (above right). Side-view SEM micrographs of the corespond-
ing nanopillar structures are also shown (below). The highest aspect ratio nanopillars (number 5,
depth: 250 nm and diameter: 30 nm) possess the highest transmission.
The transmission of several nanopillar structures was investigated in comparison to an
unstructured suprasil substrate (Fig. 6.2). The incidence beam was oriented perpendicular
to the sample surfaces. The structured substrates generally increase transmission in a
wavelength range from 350 to 650 nm. The highest transmission was demonstrated for
the structure with the highest aspect ratio as shown in surface number 5 which has depth
and diameter of approximately 250 nm and 30 nm, respectively. However, surface number
3 (with depth and diameter of approximately 200 nm and 40 nm) shows the highest and a
consistent transmission in the wavelength range of 200-300 nm. Decreases in transmittance
were observed from surface number 1 and 4 at a wavelength around 260 nm which might
be due to absorption of remaining polymer on the structures. Surface number 2 which has
a small aspect ratio with a pillar height of only about 150 nm and broader pillars (≈ 100
nm) exhibits the lowest transmission in the wavelength range of 200-300 nm. However,
pillars with smaller dimensions were also found on this surface occupying the area between
the bigger pillars. These alternating pillars with different sizes might contribute to the
higher transmittance in the visible wavelength range (≥ 400 nm).
Based on those measurements, the desired parameters for an artificial nanostructure
for antireflective surface applications imply a structure with a small periodicity and high
structural depth in order to obtain the lowest reflection and the highest transmission
over a broad wavelength bandwidth. The results also confirm that the features of the
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nanostructures play a role on determining the anti-reflectivity of the surface.
6.2 Biological application
Cells are known to perceive not only chemical signals, but also structural signals, such
as topography [95]. Cone-shaped nanostructures with gold exclusively at the tops are an
attractive surface to influence the cellular behaviour. The main advantage of this structure
is that it offers a 3D structure decorated with chemical molecules as a signal for cells. The
technique provides a large flexibility to vary the different parameters characterizing the
surface, such as the spacing between the cones, the height and diameter of the cones and
the identity of the molecules bound to the gold caps. As explained in Section 3.2, one could
hopefully create surfaces which can influence cellular responses, and ultimately control cell
behaviours by controlling those different parameters.
a b
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Figure 6.3: SEM images of SHSY5Y human neuroblastoma cells on a ’nanocones with gold on top
of the structured surface’ which was functionalized with Laminin-1. Cells on nanocone structures
prepared from the Polymer 1056 (a & b) and Polymer 5355 (c & d). In the first row, two images
taken with SE and inlens detectors are compared. Other surface functionalizations such as RGD,
antibodies, etc. could be attached to the gold particles for many biological applications. Images
were taken by Tobias Scho¨n.
For instance, the nanocones with gold on top could be used for seletively fishing cells
out of the blood stream or for detecting cells in a static, non-flowing environment. The
biological potential of the substrates was tested using SHSY5Y human neuroblastoma cells.
Fig. 6.3 shows adhered SHSY5Y human neuroblastoma cells on top of the cone-shaped
with gold on top nanostructures. The gold-capped nanopillars are biofunctionalized with
Laminin-1 using DTSSP as a thiol-based linker between the gold caps and the protein.
Laminin-1 is used as cell adhesion molecule to trigger cell adhesion and cell spreading on
the substrates. The cell interacts with the substrate by recognizing the proteins attached
to the gold nanoparticles. The images shown were taken after 3 hours adhesion time
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and cells show protrusion and spreading activity. The images also show that cellular
protrusions adhere on top of the nanostructures and not in between.
Fig. 6.4 shows a quantitative analysis of SHSY5Y adhesion to Laminin-functionalized
pillar substrates compared to Laminin-functionalized flat gold dots and Laminin- func-
tionalized glass after 24 hours. The average cell counts per measured field with 100x
magnification normalized to glass for each substrate offer the possibility to directly com-
pare each substrate and deduct its adhesion effectiveness. The flat gold nanodots show
more cell adhesion than glass but less than the gold-capped nanocone arrays.
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Figure 6.4: Average cell counts per measured field with 100x magnification normalized to glass for
each substrate. It shows that the highest cell adhesion was found on the gold-capped nanostructure
substrates in comparison to the ones on flat gold dots or bare glass substrates.
Cellular adhesion was ≈ 30 % higher on gold-capped nanocones compared to the ones
on flat gold nanodot substrates or ≈ 50 % higher than on glass. Cell counts on the gold-
capped nanocone substrates prepared from Polymer 501 and Polymer 1056 were observed
to be quite similar. This reveals that Polymer 501 and Polymer 1056 substrates have
similar substrate properties for cell adhesion purposes. As mention before, cells perceive
both chemical and structural signals. Here, the chemical signals were represented by
the amount of proteins attached to the gold surface whereas the structural signal was
determined by the dimension of the surface topography.
Cellular adhesion is highly influenced by protein density that is offered to the cell by
the substrate [3,106]. An increased ligand to ligand spacing results in a decreased cellular
adheasion. Polymer 501 and Polymer 1056 substrates have rather similar pillar distances
(65 ± 12 and 78 ± 16, respectively. See Table 5.1), and hence exhibit similar adhesion
properties. These experiments show that gold-capped nanocone substrates are a suitable
tool for highly efficient cell adhesion.
By fabricating such nanostructures in a sterile needle, specific cell types could selectively
be caught out of the blood which is flowing inside a living organism. The inter-cone dis-
tance can be tuned in the range of 15-200 nm directly addressing the membrane receptors
of cells. The unique tunable pattern and functionalization of the nanostructures allows
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attaching bioactive molecules that could specifically detect certain cell types, e.g. cancer
cells or extravillous trophoblasts. This biocompatibility allows for an improved attachment
in comparison to the attachment that would be achieved with conventional micropillar de-
vices. The cone height results in surface bound-biomolecules which are highly accessible
for circulating cells. The cone height of 10-150 nm gives the cells a better access to the
attached biomolecules which would not be the case with a plain gold film or even other
flat nano-sensors. The nano-scale roughness might also slow down cells which are passing
by the device, thus improving their attachment.
7 Conclusions & Outlook
A combination of block copolymer micelle lithography (BCML), electroless deposition, and
reactive ion etching (RIE) results in a variety of nanostructure profiles (Fig. 7.1) offering
potential materials for future applications. Gold nanoparticle arrays acting as etching
masks were fabricated using BCML with a variation in inter-particle spacing between 50
to 120 nm. Respectively, the distance between the resulting pillars is determined by the
inter-particle spacing. It was shown that bigger nanoparticles allow for the fabrication of
higher aspect ratio nanopillars or to obtain nanocone arrays with gold on top.
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Figure 7.1: A wide variety of nanostructure profiles fabricated using a combination of BCML,
electroless deposition, and RIE. The detail fabrication parameters are displayed in Table 7.1. The
scale bar is 200 nm.
Nanopillar structures were crafted on the surface utilizing RIE. It was also demonstrated
that the etched nanostructure profile of quartz and silica surfaces are different due to
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the chemical ingredients of the substrate. By applying the exactly same etching recipe,
nanopillar structures form on quartz substrates, and cone-shaped structures form on silica
substrates. The effects of etching parameters (etching time, RF power, pressure, and gas
composition) on the nanopillars dimensions obtained on quartz substrates were discussed.
It can be summarized that the gas composition, pressure, and RF power influence the
etching process by effecting the ion to radical ratio, ion and/or particle impact energy and
the etching selectivity.
It was shown that the fabrication method used in this work generates different kinds of
nanostructures. The employment of various nanopillar structures for different applications
was explained. For example, the application of nanopillar structures to biological tasks
and also for the fabrication of antireflective surfaces were discussed. Nanocones with gold
on top were employed for cell adhesion and proliferation studies. The remaining gold on
top of cone-shaped nanostructures was an advantage on where the binding to different
kinds of proteins is possible.
The antireflective surface properties of the prepared nanostructures were demonstrated
by comparison of a structured surfaces to an unstructured Suprasil surface using wave-
length dependent transmission measurements. The structured surfaces were found to have
better antireflective properties compared to the unstructured one. The aspect ratio of the
nanopillar as well as their nanofeatures were shown to have influence on the antireflective
properties of the surfaces.
Further investigations include variation of the size and the inter-particle spacing of the
particle etching mask, precise controlling of the etching parameters, utilization of different
particle etching masks and/or different underlaying materials as well as employment of
the nanostructures for different applications. The efforts on improving the performance
of antireflective surfaces especially for a broad wavelength-range purpose still needs to be
pursued. Nanopillar structures with higher aspect ratio are a promising material which can
be achieved by controlling the etching parameters. For biological applications, implemen-
tation of the nanocones with gold on top into medical tools could produce versatile medical
devices which can be selectively functionalized to detect or catch certain cell targets e.g.
cancer cells.
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Substrate Material Mask Time 푃 RF Gasses
particle
size
(nm)
(min) (mTorr) Power
(W)
(sccm)
a Quartz 15 3 40 150 CF4 (25) & Ar
(25)
b Si3N4 30 30 10 30 CHF3 (20) &
CF4 (2)
c Si3N4 10 15 10 30 CHF3 (20) &
CF4 (2)
d Quartz 50 12 10 100 SF6 (50)
e Si 30 20 10 30 CHF3 (20) &
CF4 (2)
f Quartz 50 30 10 30 CHF3 (20) &
CF4 (2)
g Si3N4 10 3 40 150 CF4 (25) & Ar
(25)
h Si3N4 30 3 40 150 CF4 (25) & Ar
(25)
i Glass 30 20 10 30 CHF3 (20) &
CF4 (2)
j Si 50 15 10 30 CHF3 (20) &
CF4 (2)
k Si3N4 50 2 98 100 SF6 (50) & O2
(10)
l Glass 50 20 10 30 CHF3 (20) &
CF4 (2)
Table 7.1: Detailed fabrication parameters of nanostructures shown in Fig. 7.1. The temperature
was kept at 200C.
Part II
Fabrication of particle and nanopore
arrays and their applications
8 Introduction
Fabrication of accurately controlled nanometer-scale structures is an important factor in
nano-electrochemistry, e.g. for biosensor application [128]. As the spacing between two
electrodes is reduced, it is possible to obtain a higher sensitivity as well as a lower detection
limit, to probe smaller volumes of specimen, and to increase the temporal resolution of
an electrochemical sensor [129–131]. Here, the fabrication of electrochemical sensors using
different techniques will be discussed including the combination of top-down approaches
such as photolithography and bottom-up strategies such as colloidal lithography.
8.1 Electrochemical biosensors
An early diagnosis and an effective treatment of diseases requires a rapid detection of
clinical important analytes [129]. Detection of biomolecules at low concentration can be
achieved using electrochemical-based sensors which offer a sufficient sensitivity, selectivity
[129, 130] and the possibility to miniaturize the sensor device [132]. The high potential
of miniaturization is an advantage in integrating the system into a small portable sensor
device. A smaller electrode area decreases the electrical double layer capacitance as well
as the time constant on which the electrode potential can be controlled. Furthermore,
experiments on the time scale of nanosecond are attainable [133]. In addition, voltammetry
in a smaller space close to or within single biological cells can be facilitated by submicron
electrodes [134]. The smaller size of the electrode also allows a faster radial diffusion flux to
the electrodes compared to linear diffusion, thus enhancing the signal to noise ratio [135].
A sensitive analysis of biomolecules requires a strong amplification of the initial re-
sponse [132]. Electrochemical-based biosensors provide a tool that allows for the amplifi-
cation of the initial measured signal by redox cycling. One way to increase the sensitivity
of the biosensors is by using a coupled enzyme system. Here, an enzyme is coupled to the
electrodes to promote the biochemical amplification through enzymatic reactions [132].
Attaching an enzyme to an electrode not only promotes a reversible redox reactions, low-
ers the detection limit and enhances the measured signal, but also increases the selectivity.
Detections of biomolecule analytes such as glucose [136, 137], lactate [137] and urea [138]
have been performed with numerous types of enzymes coupled to microelectrodes. How-
ever, enzyme immobilization to an electrode surface is still facing some problems that
obstruct the reproducible fabrication of biosensor devices [139].
Another approach to achieve a higher amplification is the application of an array of
electrodes such as in interdigitated array (IDA) microelectrodes. In an IDA, to each
electrode a voltage can be applied and a current can be measured separately allowing
the electroactive species to electrochemically react at one electrode, diffuse across the
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gap and the reverse reaction takes place at the adjacent electrode. With one of the
electrodes detecting the analyte and the other electrode acting as a recycling electrode
that regenerates the analyte, redox cycling occurs between electrodes with opposite charges
if the distance between the electrodes is small enough. This redox cycling significantly
enhances the measured current. The degree of the amplification is determined by the
number of cycling events happening between the electrodes [140].
Previous studies had shown that the redox cycling rate in an IDA is enhanced by de-
creasing the micro electrode width and the interelectrode distances [131,141]. In narrowly
spaced electrodes, a steady-state is established rapidly due to the formation of a fast
concentration gradient across the narrow gap [142]. If the gap between two electrodes is
reduced to the size of the diffusion layer thickness, the mass transport between electrodes
is almost independent from solution convection effects. Hence, a product generated at one
electrode can be collected at the other electrode and converted back to its initial state.
Still, repetition of the conversion reactions only happens if an adequate voltage for the
respective oxidation and reduction reactions is applied [141].
In addition, the performance of an electrochemical sensor can also be improved by in-
creasing the number of electrodes. Hintsche et. al [143] observed an enhanced signal to
noise ratio from four parallel interdigitated electrodes compared to the commonly used
single pair. This result confirmed the signal theory where the signal to noise ratio en-
hancement is calculated as the square root of the number of electrodes [143]. This also
proposes that multidetection with a larger number of electrodes could be a possibility to
improve the electrochemical measurements.
Fabrication of IDAs with nanoscale geometries nevertheless has been very difficult due
to the optical resolution limit of conventional photolithography [144]. A contact between
two adjacent electrodes can ruin the electrochemical measurement. A high resolution
electron beam lithography (EBL) is usually needed to generate nanoscale interdigitated
electrode arrays [145, 146]. Although enhancement in the sensor performance has been
reported [145, 146], the expensive fabrication of nanoscale interdigitated electrode arrays
hinders any further applications of such sensor system.
In order to overcome this difficulty, vertically separated IDA sensors had been pro-
posed by Niwa et al. [144] and a significant enhancement in electrochemical performance
was observed. In this system, two adjacent electrodes are placed vertically aligned with
an insulating layer in between. The gap between electrodes is thereby defined by the
thickness of the insulating layer which can easily be adjusted during the layer deposition.
Moreover, the thickness of the insulating layer which can be obtained is thinner than a
photolithographically defined pattern.
In this work, a vertically separated electrode layout [128,144] is utilized for fabricating
nanoporous electrochemical sensor. The sensors consist of an array of nanosized pores with
two independent electrode layers at the top and the bottom, separated by an insulating
film. In analogy to the IDA’s working principle, the electrochemical amplification of
the sensor is obtained by the redox-cycling of the analyte inside the pores between the
top and bottom electrodes. Fig. 8.1 represents the working principle of a nanoporous
electrochemical sensor in comparison to an IDA.
Nanoporous electrochemical sensors have many advantages compared to an IDA system
[12,128]. While IDAs are produced by complicated and expensive approaches, fabrication
of a nanoporous electrochemical sensor is a low cost method and easy to implement by
employing a combination of colloidal lithography and RIE. Unlike for IDAs’ where the
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Figure 8.1: Schematic comparison of an IDA and a nanoporous electrochemical sensor; (a) elec-
trodes in an IDA are laterally separated and the redox cycling occurs in the narrow gap between the
electrodes which is limited by photolithography technique, while the use of EBL requires sophis-
ticated equipments (b) in a nanoporous electrochemical sensor, electrodes are vertically separated
by an insulating layer whose thickness can be controlled during its deposition. This way, redox
cycling happens inside the pores preventing diffusion of the analyte.
electrode spacing is restricted by the lithographic limitations, the electrode spacing in
nanoporous sensors is defined by the thickness of the insulating layer which can be easily
controlled during the thin film deposition process. Additionally, redox cycling is more
likely to occur inside the confined volume of nanopores than at the planar electrodes. In
IDAs only analytes near the electrode surfaces are trapped and undergo the electrochemical
reaction while the rest diffuses from the flat surface. On the contrary, the space inside
the nanopores encloses the analytes and prevents it from diffusion. Therefore, nanoporous
sensors require only a small amount of analyte. Moreover, this system offers millions of
pores in every square centimeter where the redox cycling reaction can take place. For these
reasons, a significant enhancement in nanoporous sensor performance can be expected.
8.2 Colloidal lithography
Fabrication of nanostructured arrays in large areas has been difficult using conventional
lithographies due to the high demands in coverage, reproducibility, costs, and simplicity.
Colloidal lithography (CL) is a simple method for creating nanostructure arrays on a
substrate which meets all of those requirements. Also known as nanosphere lithography
[33] and natural lithography [147], CL is developed based on the self assembly of colloid
particles to create large-scale patterns with nanoscopic resolution on many types of solid
substrates [51].
Unlike other nanopatterning approaches such as electron beam lithography (EBL) [15,
16], or dip pen lithography [41] which require highly sophisticated instrumentation, col-
loidal lithography does not. However, its accuracy depends on the monodispersity of the
colloidal dispersions. Dispersions of colloids with particle sizes ranging from tens to hun-
dreds of nanometers are available with a very narrow size distributions. They can be
made from various materials, such as polystyrene (PS) [33], poly(methyl methacrylate)
(PMMA) [148], poly(푁 -isopropylacrylamide)(PNIPAM) [149], silica [150], etc.
Modifications with a variety of surface functionalization groups and/or incorporated
dyes are also available such as carboxylic groups [32], or amine and poly(ethylene-glycol)
(PEG) [151]. Additives in the colloidal suspension (mostly Triton or Octyl phenol ethoxy-
late as dispersion agent) [152] are commonly used in order to modify the surface tension as
well as to increase the size of the domains in the self-assembled colloidal monolayers [50].
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Another advantage of CL is that a large surface area can be covered by a small amount
of colloidal dispersion.
Several techniques have been developed for arranging colloidal particles onto solid sub-
strates including dipping [153,154], lift-off [155–157], electrophoretic deposition [158–160],
chemical or electrostatic interactions [49, 161, 162], physical grooves [24], and spin coat-
ing [34, 163, 164]. Figure 8.2 illustrates various techniques for generating two-dimensional
arrays of self-assembled colloidal particles.
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Figure 8.2: Several strategies for fabricating ordered arrays from colloidal particles; (a) colloidal
self-organization induced by capillary forces and solvent evaporation using dip coating, (b) lifting
up a monolayer of colloids from an interface using the substrate, (c) colloidal particle deposition
by applying an electric field, (d) selective deposition of colloids onto a substrate patterned with
charged molecules, (e) a template-assisted self-assembly of colloidal particles, and (f) spin-coating,
a method which uses shear and capillary forces to induce the colloidal self-arrangement. Adapted
from [52].
Most of these fabrication techniques rely on the self-assembly of the colloid particles into
a close-packed pattern and on the thermal evaporation of the solvents. These arrays have
been used as masks for subsequent deposition of various suitable materials in between
interparticle spacings to form isolated islands or holes [51]. Interestingly, the size and
the distance of these islands or holes can be controlled by proper choice of the particle
diameter. The possibility of reducing the size of the colloidal particles by plasma etching
or chemical etching enables to further tailor the feature size of the pattern. The structure
and the feature size can also be modified by either annealing the particle array [52, 165]
or by varying the deposition angle of the materials [48, 166].
The deposition of colloidal particles on the substrate plays an important role on de-
termining the quality of the resulting particle arrays. The evaporation of the solvent
(dispersion medium) induces self-assembly of the colloidal particles. During this process,
attractive capillary forces determine the assembly of the colloidal particles [52]. The pro-
cess starts at a nucleation point and evolves throughout the whole substrate depending on
evaporation dynamics. Attractive capillary forces arise from the formation of a meniscus
around the particles and lead to the assembly of particles into highly ordered arrays.
The evaporation process can be controlled in many ways. For example, dip coating
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allows for a control of the evaporation rate by a step motor which can lift up the substrate
at the desired retraction speed (Fig. 8.2.a). The evaporation rate induces the colloidal
self-organization and determines the order of the particle arrays. Colloidal particles get
trapped at the air-liquid interface as a result of electrostatic and capillary forces. By ap-
plying the Langmuir-Blodgett film technique [167], a uniform monolayer of several square
centimeters can be achieved (Fig. 8.2.b). The quality of the arrays is determined by several
parameters such as the concentration of the particles, the concentration of the electrolytes,
the particle size, the surface charge and the hydrophobicity of the particles [52, 155–157].
Colloidal particle deposition also can be triggered by an electrical field as shown in Fig.
8.2.c. Electrical fields (AC [158, 168] or DC [159, 160]) have been studied and applied to
control the movement of colloidal particles. As the electric field is applied between the
electrodes, the colloidal particles self-organize along the surface due to the presence of a
charged interface between the colloidal particles and the surrounding fluid [52]. Utilizing
the electrohydrodynamic interactions between the particles as the driving force, particle
arrays can be generated between the electrodes. The self assembly process occurs inside a
thin film of colloidal suspension sandwiched by conducting substrates as e.g. indium tin
oxide (ITO).
However, large area colloidal monolayers produced by techniques mentioned above usu-
ally contain some defects such as grain boundaries, dislocations and vacancies. One way
to overcome the defect formation in the monolayers is by a template-assisted self-assembly
method. The template patterning can be achieved by either chemical functionalizations,
topographical confinement or charge (Fig. 8.2.d). A confined self-assembly can be achieved
by controlling the ratio of the particle size to the feature size of the patterned geometry.
Colloidal particles self-organize in restricted areas such as wells or microchannels with
lower defect densities (Fig. 8.2.e). While topographical patterns can be obtained rather
easily by photolithography, chemical and surface charge contrasts are generated using self-
assembled monolayers (SAMs) [161, 169] or polyelectrolytes [162, 170]. Due to the elec-
trostatic attraction between the colloidal particles and the charged surfaces, the particles
arrange selectively on the pre-patterned areas.
Spin coating uses centrifugal force to spread the colloidal particles and has also been
developed [34,163,164]. The colloidal particles self-organize during the rotation into hexag-
onal arrays. Here, the solvent evaporates faster compared to other evaporation methods
such as dip coating, spotting or electrolyte adsorption [52]. By adjusting the colloid con-
centration and the spin speed, the thickness of the particle layer can be controlled [34,164].
Surfactants have been used to enhance the wettability of colloidal particles on the substrate
surface by reducing the electrostatic repulsion between particles and surfaces.
Within this work, colloidal lithography was employed to generate nano-scale pore arrays
in order to fabricate a nanoporous electrochemical sensors. Polystyrene colloidal particles
with sizes ranging from fifty nanometers to one micron were used to produce randomly or
hexagonally distributed arrays of colloidal particles onto the patterned sensor surfaces.
9 Materials & methods
The fabrication of a nanoporous electrochemical sensor chip is composed of several consec-
utive steps including thin film deposition, particle masking and etching. Fig 9.1 schemat-
ically illustrates the complete process of the sensor fabrication. Details of each step will
be explained in the following.
(a) siliconnitride
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Figure 9.1: Schematic of the fabrication process of a nanoporous electrochemical sensor chip. (a)
A gold layer is deposited onto a silicon wafer with a thin Ti film acting as an adhesive between
gold and silicon. Subsequently, silicon nitride (Si3N4) is deposited on top of the gold layer as an
insulating layer. (b) Polystyrene colloidal particles are deposited on top of the insulating layer.
(c) Plasma reduction of the polystyrene colloids. (d) Top electrode deposition step with colloidal
particles acting as a deposition mask. (e) Polystyrene colloidal particle removal leading to an array
of holes. (f) RIE is carried out to drill the bare silicon nitride surface down to the bottom electrode.
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9.1 Sensor chip fabrication
A sensor chip consists of a bottom electrode, an insulating layer and a top electrode. Both
electrodes are composed of gold films with a thickness of 100 nm. Silicon nitride (Si3N4)
is employed as the insulating layer with a thickness of 200 nm. Thin films of titanium (10
nm) are deposited in between gold film and silicon wafer as well as between gold film and
silicon nitride layer as adhesive layers. The titanium and gold layers were generated on
the substrate using physical vapour deposition (PVD). Subsequently, silicon nitride was
sputtered on the previous layer by chemical vapour deposition (CVD). The electrode and
insulator pad geometries were outlined using different sputtering masks with accuracies of
approximately 10 휇m. In average, 4-6 chips can be fabricated on a 2-inch silicon wafer.
The material deposition was performed at the Thin Film Laboratory, Max Planck Institute
for Metals Research, Stuttgart.
Colloidal particles were deposited onto the insulating area where the bottom electrode
pad is aligned. These colloidal particles were reduced to the desired size using an oxygen
plasma treatment and afterwards served as a shadow mask during the deposition of thin
titanium film and subsequently the top gold electode layer. Then, the particles were
removed from the substrate using ultrasonication in ethanol. A reactive ion etching process
was employed to drill holes into the bare silicon nitride surface that reach down to the
bottom electrode.
9.2 Colloidal lithography
Colloidal particles used in this work are composed of polystyrene particles purchased from
PolySciences Inc. (Warrington, USA) and Polymer Laboratories, Varian Inc. (Amherst,
USA), as listed in Table 9.1. Several techniques were utilized to deposit colloidal particles
onto the insulating surface.
Spotting technique The cleaned surface was covered with a few drops of 1% (푤/푣)
BSA (Bovine Serum Albumin, purchased from Sigma Aldrich, Steinheim, Germany) in
water and left at room temperature for 10 minutes. Subsequently, the surface was rinsed
with millipore water three times and dried with nitrogen gas. In this case, BSA acts as
an adhesive agent and provides a negatively charged surface. Amino-group functional-
ized polystyrene particles purchased from PolyScience Inc. were used after being diluted
1:1 (푣/푣) with ethanol. The particle decoration was performed by directly spotting the
colloidal particle solution on top of the substrates or the substrate was dipped into the
colloidal suspension. After 3-5 minutes, the samples were rinsed with millipore water to
remove non-absorbed particles and excess solution. Then, the substrates were blown dry
with nitrogen gas. A randomly distributed layer of polystyrene particles was obtained on
the surface which was initially modified with an adhesive agent. This method is based on
a modified technique for particle deposition presented in [12, 171].
Spin coating Polystyrene particles without functionalization were purchased from Poly-
Sciences Inc. and used without further modification. The colloid suspension was diluted
with a mixture of Triton-X 100 and methanol (1:400 by volume) and mixed well. A
comercial spin coater (Laurell Technologies Co., North Wales, USA) equipped with a
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Colloidal dispersions (푤/푣) Surface Size Standard
% modifications (휇m) deviation (휇m)
Polystyrene Polybeads 2.59 none 0.989 0.02
Polysciences, Inc. 2.65 none 0.465 0.011
Warrington, USA 2.6 amino 1.02 0.0204
2.67 carboxylate 0.994 0.022
2.62 carboxylate 0.454 0.011
2.76 sulphate 1.02 0.038
2.62 sulphate 0.526 0.018
PL-Latex plain white 9.9 none 1.013 0.042
Polymer Laboratories 9.9 none 0.795 0.031
Varian, Amherst, USA 10 none 0.572 0.022
10 none 0.384 0.021
10 none 0.190 0.011
10.1 none 0.096 0.004
10.1 none 0.046 0.002
Table 9.1: List of colloidal particles used in this work. Polystyrene nano- or microspheres were
purchased from PolySciences Inc. (Warrington, USA) and Polymer Laboratories, Varian Inc.
(Amherst, USA), with a variety in weight concentrations, surface modifications and sizes. Since
polystyrene is hydrophobic by nature, particles without any surface modification are usually hy-
drophobic. Amino functionalized particles are positively charged whereas sulphate and carboxylate
modified particles are negatively charged.
progammable setting was used. The program consists of three steps: (1) 150 rpm for 1
minute to spread the particles evenly, (2) 500 rpm for 30 seconds to remove the excess of
particles, and (3) 1400 rpm for 10 seconds to spin off excess particles located at the edges.
This particle deposition technique is based on a method described in [33, 70].
Layer-by-layer assembly A randomly distributed layer of colloidal particles was obtained
employing a method explained in [49]. Three layers of chemical coatings were applied to
the clean surfaces to create positively charged surface. First, the substrate was immersed
in a 2% (푤/푣) poly(diallyldimethylammonium chloride) (PDDA, Sigma-Aldrich) for 30 s,
rinsed with millipore water and dried with nitrogen gas. Subsequently, the substrate was
immersed in the second solution composed of 2% (푤/푣) poly(sodium 4-styrenesulfonate)
(PSS, Sigma-Aldrich) in water for 30 s, rinsed with millipore water and dried with nitrogen
gas. The same procedures were applied using the third solution of 5% (푤/푣) aluminium
chloride hydroxide (ACH or chlorohydrol, Merck) in water. These coatings influence the
surface charge as well as the wetting properties of the substrate surface. A previous study
has shown that the thickness of the PDDA/PSS/ACH triple layer is approximately 1
nm [172].
Negatively charged polystyrene particles (PS-sulphate and PS-carboxylate coated beads,
PolySciences Inc.) were applied onto the positively charged substrates. The colloid dis-
persion was used without any further purification with a concentration of 0.5% (푤/푣).
Three different pH buffers (pH: 3.2, 7, and 12) were used to investigate the effect of the
pH on the electrostatic repulsion between particles. An adsorption time of 15 minutes was
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sufficient to reach saturated adsorption. Excess particles were rinsed off with millipore
water and subsequently the substrates were dried with nitrogen gas.
Lift-up technique A monolayer of particle was generated using a method described
in [173]. This method utilizes hydrophobic polystyrene particles purchased from Polymer
Laboratories, Varian Inc.. Colloid-water dispersions with a concentration of approximately
10 wt % were used without any further surface modification. The colloidal particles had
diameters ranging from 1 휇m to 50 nm. First, one part of the colloidal solution was diluted
by mixing with an equal amount of ethanol. Next, using an Eppendorf pipette, approxi-
mately 2-4 휇l of the prepared solution was applied onto a substrate which had been cleaned
in a piranha solution (1:3 30% H2O2/H2SO4 concentrated) for 24 h. The substrate was
then slowly immersed in 250 ml of Millipore water. The hydrophobic polystyrene particles
started to self-assemble on the water surface. About 3-5 휇l of 10% dodecylsodiumsulfate
solution was dropped into the water leading to a change in surface tension and the for-
mation of a large highly ordered monolayer. This monolayer can be lifted off from the
water surface using clean substrates. Using this technique, an ordered monolayer can be
deposited onto a variety of surfaces.
9.3 Particle size reduction
In order to obtain an array of polystyrene particles with defined spacings, an oxygen plasma
was employed to reduce the size of the particles. Particle sizes can be tuned by controlling
the plasma parameters and the etching time. Two different plasmas were investigated:
microwave (PVA Tepla 100 plasma system) and Radio Frequency (RF) generated plasmas
(RIE) (Plasma Lab 80 Plus ICP-RIE system). The following parameters were used for
the microwave plasma: oxygen (O2) gas, varied power of 100-250 W, chamber pressure of
0.4 mbarr and varied time periods of 0-30 minutes. Particle size reduction using a RIE
plasma was performed with the following etching parameters: 100 W RF power, 70 mtorr
pressure, oxygen gas with a flow rate of 30 sccm (standard cubic centimeter), and etching
times of 0.5-4.5 minutes.
9.4 Particle removal
After deposition of the top gold electrode onto the polystyrene particle mask, the mask
particles were subsequently removed from the substrate using an ultrasonic treatment for
15 minutes. Millipore water, ethanol, and chloroform (CHCl3) were employed to immerse
the substrates during the ultrasonication process. However, ethanol was used most of the
time due to its reproducibility.
9.5 Reactive Ion Etching
Reactive ion etching was performed in order to etch the bare silicon nitride surface down
to the bottom electrode. A mixture of CF4 (35 sccm) and O2 gasses (3 sccm) was used
with a RF power of 200 W. During the etching process, the pressure and the temperature
were kept at 75 mtorr and 200C respectively.
10 Fabrication of particle and
nanopore arrays
In this Chapter the advantages and disadvantages of the employed colloidal lithography
techniques and the quality of the resulting particle monolayers will be presented. Exper-
imental issues related to the self-assembly of the colloidal particles are addressed. The
influence of the etching process on the particle size and the nanopore’s features is de-
scribed. A short discussion about the generation of nanopore arrays with varied pore sizes
and spacings is also given.
10.1 Particle arrays by colloidal lithography
The key to the successful fabrication of nanopore arrays is a large defect-free area (several
cm2) covered with a close packed monolayer of particles. Several techniques for particle
deposition based on colloidal lithography were carried out for creating a large coverage of
the surface with particles. SEM micrographs of particle arrays created by spotting, dip
coating, spin coating, adsorption and/or electrostatic interaction deposition, and lift-up
method are shown in Fig. 10.1.
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Figure 10.1: SEM micrographs of colloidal particle arrays produced by various deposition tech-
niques; (a) spotting, (b) dip-coating, (c) electrostatic interaction (negatively charged surface), (d)
spin coating, (e) electrostatic interaction (positively charged surface), and (f) lift-up method. Dif-
ferent types of colloid particles with different particle sizes were used in this experiments. The
scale bars are 5 휇m.
The particle deposition methods such as electrostatic interaction and spin coating only
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generate particle arrays with low coverage while spotting and dip coating result in a
random arrangement. Occasionally, defects such as grain boundaries, dislocations and
vacancies were found on a larger scale. In contrast, lifting up a monolayer of colloidal
particles (Fig. 10.1.f) results in a large area of a close-packed monolayer of polystyrene
particles.
Fig. 10.2 compares the percentage of covered area obtained by several colloid deposition
techniques with the maximum theoretical value. Theoretically, the particle arrangement
with the highest density in two dimensional Euclidean space is the hexagonal packing
arrangement [174]. Here, the centres of the particles are arranged in a hexagonal lattice
and each particle is surrounded by 6 other particles. The density of this arrangement can
be calculated by using Eq. 10.1.
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Figure 10.2: Comparison of the covered surface area prepared by various colloid deposition
techniques. The red column is the theoretical highest density value.
Experimentally, the best coverage was achieved by using the lift-up method leading to
81.6% coverage. The slight difference to the theoretical coverage value is based on the
structural defects. On the other hand, using charged particles results in even less dense
arrangements. This happened because of inhomogeneous modification over the charged
surface leading to inhomogeneous electrostatic interactions. As a result, charged particles
were only self-organized in areas where the surface charge is attractive enough to the
particles leaving some other areas uncovered.
Furthermore, charged particles tend to self-organize separately as the electrostatic re-
pulsion force increases with decreasing inter-particle distance. The electrostatic repulsion
forces between the particles can be easily influenced by providing a higher ion concen-
tration or a higher pH, as shown in Fig. 10.3. As the pH increases, the particles were
scattered in a more random arrangement with a lower interparticle distance and less par-
ticle coagulation. This adds the previous report that a low particle coverage had been
obtained from a low ionic strength solution [49]. Even though the coverage is not so high
compared to other methods, the formation of separated particle arrays are desirable. This
way, an etching process to reduce and separate the particles is not needed.
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Figure 10.3: Charged particle arrays prepared from different pHs. The particles were scattered
more randomly as the pH increased. Moreover, aggregated particles were less to be found. The
scale bare is 10 휇m.
Due to a similar principle of the particle array formation, the coverage of samples
prepared by spotting are rather similar to the one prepared by dip coating. Spin coating
leads to the least jammed particle arrays compared to other methods used in this work.
However, by adjusting the colloid particle concentration and the spin speed, denser arrays
could be obtained [52].
The formation of particle arrays can be explained using lateral capillary forces (Fig.
10.4). In general, the lateral capillary forces are given by the deformation of the liquid
surface, which is supposed to be flat in the absence of particles. When particles are floating
on a liquid interface, the liquid meniscus deforms in such a way that the gravitational
potential energy of the two particles decreases. Consequently, the particles attract each
other and come closer. This capillary force is called flotation force. In the case of particles
which are partially immersed in a liquid layer on a substrate, the deformation of the liquid
surface is related to the wetting properties of the particle surface. The capillary force in
this case is called immersion force. Additionally, the flotation and immersion forces can
be both attractive or repulsive.
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Figure 10.4: Schematic of the interaction of colloidal particles; (a) at the air-liquid interface, (b)
in a thin liquid film spread on a solid surface and (c) on charged solid surfaces. The flotation force
arises from the particle weight and an upward acting force whereas the immersion force is driven
by wetting. The interaction of charged particles is influenced by the presence of other charged
particles or an external charged surface. Adapted from [175,176].
In the flotation technique, the origin of lateral capillary force is the particle weight and
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an upward acting force so-called buoyancy, caused by fluid pressure, that keeps parti-
cles afloat. Therefore, the formation of particle arrays from smaller particles (diameter:
100nm) are difficult to achieve since they hardly stay at the surface. In this case, the
weight of the particles is too small for creating significant surface deformation. On the
other hand, the immersion force can be significant even with 10 nm large particles confined
in a thin liquid film [175]. However, in order to generate particle arrays using immersion
techniques, a careful control of the solvent evaporation is needed. The transition of the
particles from being freely immersed in the solution to attaching to the surface occurs sud-
denly as the particle tops protrude from the thinning liquid film. As a result, a random
arrangement of particles is often found if this technique was employed for array formation.
Using the flotation principle, the lift-up method leads to the highest coverage. Although
some defects were still be found, the overal good quality of the monolayer packing is
reproducible. Hence, for further experiments, the lift-up method was employed in order
to achieve a hexagonally packed array of polystyrene colloidal particles.
10.2 Tunable size of particle mask arrays
A wide range of particle mask dimensions (tens of nanometers to 1휇m) can easily be
obtained by employing different colloidal particle sizes. Fig. 10.5 depicts SEM images
of highly ordered monolayers of polystyrene colloidal particles with different particle di-
ameters obtained using the lift-up method. The size and spacing of the particles which
relies on the monodispersity of the colloidal suspensions in the further experimental step
determines the size and the spacing of the pores.
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Figure 10.5: SEM images of highly ordered monolayers of polystyrene colloid particles with
diameters of (a-d) 0.4, 0.6, 0.8, and 1 휇m, respectively. Diffraction patterns proofing hexagonal
arrangement of each colloidal layer are shown in the insets. The scale bars are 1 휇m.
Hexagonally packed arrays are used as a deposition mask to create arrays of metal
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particles through the three-fold interstices. Deposition of any metal onto particle arrays
where the particles are in close contact with six of their nearest neighbors usually results in
a triangular metal symmetry [33, 166]. However, in this work, isolated particle arrays are
desired in order to produce separated pore arrays. Two kinds of oxygen plasma treatments
were carried out to reduce the particle size and separate one from each other; a microwave
and a Radio Frequency (RF) generated plasma (RIE) (see Section 9.3). Fig. 10.6 shows
the SEM micrographs of arrays of polystyrene particles after oxygen plasma treatment.
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Figure 10.6: Arrays of polystyrene particles after oxygen plasma treatment; (a) microwave gen-
erated plasma, (b) Radio Frequency (RF) generated plasma or RIE plasma. All experiments were
performed with colloidal particles having an initial diameter of 800 nm. The etching times for (1-4)
were 10, 15, 20, 25 minutes and for (5-8) were 1, 2, 3, and 4 minutes. The oxygen RIE plasma
reduces the polystyrene particles anisotropically resulting in individually separated particles and
requires a shorter time due to a faster etching rate. The scale bars are 1 휇m.
As shown in the first row of Fig 10.6, a microwave generated oxygen plasma shrinks
the polystyrene particles in an isotropic manner: the particles are exposed to the same
reduction rate in every direction. As a result, almost monodisperse particles were obtained.
However, the particle arrays lost the hexagonal order after 15 minutes plasma exposure
and the disorder increased over time. The cause might be that the temperature of the
surface increases during the plasma exposure which promotes particle detachment from
the surface. The average etching rate of the polystyrene particles in a microwave generated
oxygen plasma with a power of 100 W is approximately 6 nm/minute.
In contrast, an oxygen RIE plasma gives an anisotropic etching where the incident
reactive ions are directed toward the sample; thus the particle order was kept producing
an array of individually separated particles. Since the particles remained at their positions
during the RIE plasma treatment, the distance between each polystyrene particle increased
as the size of the particles decreased. Nevertheless, the distance between the centers of
adjacent spheres was a constant given by the initial particle diameters.
The longer etching process using RF generated plasma increases the roughness of the
particles leading to star-shaped particles. The influence of this star-shaped particle mask
on the resulting pore will be disscused in the following section. With a RF power of 100
W, oxygen RIE plasma reduced the polystyrene particles with an average etching rate of
125 nm/minute. Fig 10.7 compares the particle size reduction between microwave (a) and
RF generated (b) oxygen plasmas versus the etching time. It is shown that RF plasma
etches polystyrene almost twenty times faster than microwave plasma. The higher etching
rate of the RF generated plasma is based on the accelerated oxygen ions induced by the
dc self-bias which have a higher impact on the polystyrene particles.
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Figure 10.7: Relation between the etching time and the particle diameter using microwave and RF
generated plasmas. With a constant power of 100 W, the microwave plasma etched the polystyrene
with an etching rate of 6 nm/minute while the RF plasma reduced the polystyrene particles with
a rate of 125 nm/minute. The initial diameters of the particles are indicated by the first points on
the 푦 axis.
10.3 Nanoporous thin gold layers
After the deposition of an approximately 100 nm thick top gold electrode, the polystyrene
particle mask was removed by immersing the sensor chips in an ethanol bath and ultra-
sonication for 15 minutes. As a result, arrays of nanosize openings were exposed. Fig.
10.8 shows SEM micrographs of 1 휇m colloidal particles after size reduction, thin film
deposition, and particle removal. Holes were obtained in the area which was previously
occupied by the particles.
Particle size 890 nm≈ Particle size 660 nm≈ Particle size 780 nm≈
Pore size 610 nm≈ Pore size 450 nm≈ Pore size 390 nm≈
Particle size 910 nm≈
Pore size 790 nm≈
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Figure 10.8: Colloidal particle arrays after size reduction (a-d), pore arrays after thin film de-
position and particle removal (e-h). The particle reduction was achieved using a RF generated
plasma and different etching times: 30 seconds (a & e), 1 minute (b & f) and 2 minutes (c & g)
or using a microwave plasma with an etching time of 20 minutes (d & h). A polystyrene particle
dispersion with an initial particle diameter of 1000 nm was used in all experiments, except for (b
& f) in which particles with initial diameter of 800 nm were used. The scale bars are 1휇m.
The pore sizes were not linearly corelated to the sizes of the particle masks. As a
matter of fact, other variables beside the size of the particle mask effect the resulting pore
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sizes including the metal deposition process and the thickness of the gold layer. Previous
studies [12, 171] had shown that by sputtering the metal from a distant of 2 cm created
a ’down size effect’ in which metal is deposited in the half-shadow area underneath the
particle rim (Fig. 10.9). Even though smaller pores can be produced from particle arrays
having low interparticle distances by this process, the thickness of the gold layer at the rim
is very small. On the other hand, the metal deposition from a relatively large distance (≥10
cm) onto a close packed particle array results in a laterally disconnected metal layer [171].
Therefore, a close packed particle array is not suitable as a deposition mask in order to
generate an isolated hole array.
2cm
>10 cm
(a)
(b)
Figure 10.9: Schematic of gold evaporation onto particle masks with defined interparticle spacings
from metal sources located at two different distances. The ’down size effect’ occurs when the gold
sputtering was performed from a distance of 2 cm (a). Straight hole openings were obtained by
gold sputtering from a distance larger than 10 cm (b). The ’down size effect’results in smaller
pores with a thinner gold film at the rim.
In order to obtain a separated pore array, the particle mask should be isolated from the
surrounding neighbor particles. As shown in Fig. 10.8, the close packed particle arrays
give barely pore arrays due to the limited access of the gold metal to the bottom surface
through the small interstices. Pore arrays produced from unordered particle arrays show
clustering of particles leading to pores which are barely separated. These very close pore
clusters can merge into a bigger hole when the gold bridge collapses during the subsequent
etching process.
Since the RF plasma etching is anisotropic, the polystyrene particle mask was etched
predominantly in one direction producing an oval particle mask. By defining the height
of the particle as the axial diameter and the width of the particle along the surface as the
traverse diameter, both diameters were found to have different lengths. This confirms re-
sults reported in previous articles showing that the reactive ions transform the polystyrene
spheres into nonspherical particles without affecting the original periodic and ordered ar-
rangement of the particles [177]. This means that the diameter of the particle obtained
by SEM images taken from top-view does not represent the thickness of the particles.
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This fact led to problems during top gold electrode deposition, and resulted in a particle
removal problem. Fig. 10.10 illustrates the side view of the particle mask and the effect
of the gold thickness on the particle removal obstacle. When the thickness of the gold
layer is less than a half of the axial diameter, the removal of the particles can be easily
performed. However, the removal problem appears as the thickness of the gold layer is
higher than half of the axial diameter.
(a)
(b) (c) (d)
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Figure 10.10: (a) Schematic of nonspherical polystyrene particles produced by RIE plasma. (b-
d) Schematic side views of the particle masks with different gold layer thicknesses. (e-g) SEM
micrographs (taken at a 300 angle) of particle arrays with different particle sizes covered with gold
films. The thickness of the deposited gold layers were all 100 nm. (h-j) Pore arrays after particle
removal. When the thickness of the gold layer is less than half of the axial diameter, the removal
of the particles can easily be performed. Polystyrene with an initial particle size of 1 휇m was used
in these experiments.
However, controllable pore sizes can also be obtained by adjusting the thickness of the
gold layers even if the particles are not isotropically etched. Fig. 10.11 shows cross-
sectional SEM micrographs of particles with different sizes and the resulting pore arrays
in the gold layer. Deposition of different thicknesses of gold onto the particle mask can
modify the pore size, though the corelation between the thickness and the resulting pore
size is hardly linear. The amount of gold metal deposited under the shadow area of the
particle mask influences the hole size and is difficult to control. However, rounder particle
masks gives a rather predictable resulting hole size. Fig. 10.12 displays a summary of
tunable pore sizes and inter-pore spacings with respect to the initial particle size and the
thickness of the gold layers.
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Figure 10.11: Cross-sectional SEM micrographs of the particle mask (top) and top view of the
pore arrays (bottom). The particle sizes are 900 nm (a), 860 nm (b), 660 nm (c) and 350 nm (d);
while the pore sizes are 790 nm (a), 610 nm (b), 450 nm (c) and 300 nm (d). In all experiments 1
휇m polystyrene particles were used.
10.4 Deep nanopore arrays
Using the top nanoporous gold layer as an etching mask, the insulating layer was eroded
by RIE employing a gas mixture of CF4 at 35 sccm and O2 at 3 sccm. A small amount of
O2 is needed in the reactive gases to assist the formation of radicals and ions [178]. The
gas mixture of CF4 and O2 creates oxyfluoride ions in the plasma chamber [179] which
are highly reactive etching agents selectively for the silicon nitride layer.
The average etching rate of silicon nitride was found to be approximately 4.5 nm/second
while the etching rate of gold was much lower and therefore was neglectable. Fig. 10.13
shows that the etching process only occurs on the bare silicon nitride (Si3N4) surfaces. The
quality of the obtained nanopore arrays indeed relies on the quality of the top nanoporous
gold mask. An identical pattern as depicted by the shadow mask was obtained by an
anisotropic etching.
However, the excess addition of oxygen in to a CF4 discharge reactor chamber can result
in an increase of free flourine that reduces the etching rate [53]. The etching process is
anisotropic as the ions move perpendicularly toward the surface in the electric field between
the two electrode plates inside the plasma chamber. Nevertheless, at such high pressure
above 70 mtorr, more flourine atoms might be formed and reverting the etching process
to the isotropic mode. The isotropic process would result in an undercutting etching in
which the insulating layer is eroded below the gold layer as shown in Fig. 10.14.
An etch process without undercut is hard to achieve, however a sufficient distance (ap-
proximately 100 nm) between the neighboring openings prevents the gold bridges from
collapsing. Collapsed gold bridges are undesirable for the electrochemical sensor applica-
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Figure 10.12: A summary of pore arrays with tunable hole sizes and spacings obtained from
different initial particle sizes and varied thickness of the gold layers.
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Figure 10.13: Nanopore profiles obtained by an anisotropic etch of silicon nitride (Si3N4). Cross-
sectional SEM images (a & b), SEM images taken at 450 (c & d) and top views (e & f) of the
nanopore arrays. The exposed (Si3N4) surfaces were completely eroded to the bottom gold layer if
the particle mask was completely removed (left column) while etching on the partly gold-covered
Si3N4 surfaces result in patchy pores (right column). Polystyrene particles used in the experiments
had initial diameters of 1휇m (left column) and 800 nm (right column).
Isotropicetching Anisotropic etching
(+) ions and neutral atoms (+) ions
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Figure 10.14: Silicon nitride (Si3N4) etching profiles. Row A: schematic of the etching processes.
Isotropic etching leads to more undercutting. Row B and row C: cross-sectional and SEM images
taken at 45 degrees of the nanopore arrays.
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tion since they can cause short circuits between electrodes. A detailed explaination of the
electrochemical application of these nanopore arrays will be given in Chapter 11.
11 Application
The nanoporous electrochemical biosensor chip was fabricated by a series of sequential
processes starting from thin layer depositions, particle mask preparation and etching.
Here, problem solutions for the fabrication process of sensor chips are described. There
are several challenges we are still facing on realization of the nanoporous sensor chips.
11.1 Electrochemical biosensor
As described in Section 8.1, an electrochemical sensor with vertically separated electrodes
has many advantages in detecting low concentrations of analytes compared to an IDA
system. A nanoporous sensor was proposed in order to gain a much higher amplification
and sensitivity. An amplification factor up to 100 was previously reported [128,171] due to
repeated redox cycling inside the nanopores. Additionally, the fabrication of nanopore ar-
rays described in this work can be easily assembled using state of the art silicon fabrication
technologies.
Fig. 11.1 shows the sensor chip design and the metal masks used sequentially for the
production of sensor chips on 2-inch silicon wafers. The first and second masks were
employed to deposit the bottom electrode and the insulating layer (Si3N4), respectively.
After particle deposition and size reduction process (see explaination in Section 10.1 and
Section 10.2), the third mask was placed on top of the silicon wafer for the deposition of
the top gold electrode. After particle removal, the forth mask was mounted for drilling
nanoholes into the insulating layers using RIE. The last mask was used as a template for
cutting the sensor chips. Each chip consists of a reference electrode, a counter electrode,
and two 1 x 1.5 mm2 and two 2 x 1.5 mm2 nanoporous working electrode pads. The
dimension of a chip is 16.5 x 18.2 mm2. In order to get 6 sensor chips from a 2-inch silicon
wafer, different chip designs and masks were used.
Photolithography can be used for defining smaller electrode areas, leading to nanopore
arrays on a small scale chip. Fig. 11.2 shows the nanopore arrays generation in electrode
pads produced by photolithography. Nanopore arrays were achieved on the desired areas
and still maintaining the patterned structures.
Even though the photoresist films used for micro structuring were slightly etched, the
micropatterns remained unchanged during the particle size reduction using RIE plasma
(Fig. 11.2.b). Ultrasonication in ethanol removes the photoresist film as well as the
colloidal particle masks. As a result, nanoporous gold top electrode pads are obtained
only on the pattern areas.
However, the application of nanoporous arrays into the sensor chip is still having some
obstacles regarding to the short circuits problem as briefly mentioned in the Chapter
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Figure 11.1: Sensor chip design and metal masks used for producing sensor chips. The white
areas are the electrode pads where the nanopore arrays were created between top and bottom
electrodes. The first and second masks were employed to deposit the bottom electrode and the
insulating layer, the third mask for the top gold electrode deposition, the forth mask for the RIE
process to create nanopore arrays and the last mask was used as a template for cutting the sensor
chips.
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Figure 11.2: Fabrication of nanopore arrays on a micropatterned electrode pad produced by
photolithography. (a) Colloidal particle deposition on top of the micropatterns. (b) After particle
size reduction using RIE plasma for 2 minutes. (c) Nanoporous gold electrode pad obtained after
particle and polymer mask removal. (d) A higher magnification of the nanopore array inside an
electrode pad. The average pore diameter is approximately 330 nm and was using polymer particles
with an initial diameter of 1000 nm.
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10. Sensor failures are predominantly caused by short circuits between the closely spaced
electrodes. Defects are caused by clustering of the particle mask, rugged morphologies of
the rim of the top electrode, narrow interparticle distances and undercut etching which can
lead to contacts that trigger short circuits given the small distance between the top and
bottom electrodes. Using the close packed particle array as a mask for example, results in
either a discontinuous gold layer or a ’down size effect’ which subsequently damages the
sensor chip. Disconnected gold layers collapse during the Si3N4 etching process whereas
the ’down size effect’ yields a very thin gold layer at the rim that limits the electron
transfers from the top electrode to the bottom electrode.
The collapse of the top gold layer was also triggered by undercut etching of clustered
holes. These undesirable collapsed gold bridges connect the top electrode to the bottom
electrode initiating a short circuit. Hence, electrochemical measurements cannot be per-
formed. Previous studies have shown that short circuits between the electrodes may also
occur due to the rugged morphologies of the rim of the top electrode [171]. Indeed, a
connection between irregular openings and collapse of the gold top electrode was observed
leading to contact points between the top and the bottom electrodes (Fig. 11.3).
a b
c
e
d
Figure 11.3: Short circuits between the electrodes caused by collapse of the top gold electrode. (a
& c) Top view and SEM images taken at 300 angle of rough particle masks. (b & d) Cross-sectional
and at 450 angle taken SEM images of a nanopore array with narrow gaps between the pores. (e)
At 450 taken SEM image of rugged rims of the top gold electrode obtained using rough particle
masks (a & c). Collapsed gold bridges and the overlaying gold films (shown by red arrows) can
cause sensor failures due to short cuircuits.
Even though gold etching is unlikely to happen in RIE, high energy ions can remove some
of the gold particles from the electrode film [171] by sputtering at very high voltages. If the
gold sputtering occurs at the bottom electrode and the metal particles then re-deposit on
the pore walls, a thin conducting layer is formed which might connect the top and bottom
electrodes leading to short circuits. Regarding the huge amount of pores per cm2 in the
sensor area (106-107) it is very difficult to determine the exact position of and reason for
sensor failures.
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11.2 Functionalization of nanopores
In order to demonstrate the fabrication of highly sensitive electrochemical sensors the pore
interior has to be functionalized with biological recognition sites that can be attached using
either self-assembled monolayers (SAMs) or electrodeposition of polymers. As an example,
a modification of the pore’s interior using 3-aminopropyltriethoxysilane (AMPTS) and
carboxylated gold colloids was carried out. First, a porous gold layer was fabricated on
top of a glass (SiO2) surface. Silanization with AMPTS for about 1 hour was performed
using a 10% 푣/푣 solution in toluene. After removal of the excess AMPTS by rinsing the
substrate with toluene, ethanol and dichloromethane, the substrate was immersed in a
gold colloid solution at room temperature for about 1 hour.
Fig. 11.4 shows SEM images of the functionalized nanopore arrays where the gold
particles are only attached to the silicon oxide surface inside the pores. The silanization
process selectively modifies the exposed silicon oxide surface and therefore carboxylated
gold particles only bind to the SAM inside the pore (Fig. 11.5). This result indicates
that many different groups of biologically important molecules can be inserted by a simple
surface functionalization in order to enhance the selectivity of the electrochemical sensor.
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Figure 11.4: Functionalization of the nanopore interior with self-assembled monolayers (SAMs)
and gold colloids. (a) Schematic of the surface functionalization. (b) Dipping edge of the func-
tionalized nanoporous surface. The part below the red line was immersed into the gold colloid
solution and therefore gold particles are attached to the bottom surface inside the pore. The area
above the red line was not dipped into the gold colloid solution and there are no gold nanoparticles
observable. The insets show a higher magnification of the pore. (c) Arrays of nanopores containing
gold particles inside each pore. (d) SEM image taken using an ESB detector (corresponding to
image (c)) showing material contrast between the gold layer, gold particles inside the pores and
the amorphous silicon oxide underneath.
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Figure 11.5: Mechanisms of the binding reactions. (a) Surface modification of 3- aminopropyl-
triethoxysilane (AMPTS) on silicon oxide. (b) The binding of the carboxylated gold particles to
the modified surface was resulted from ionic interactions as well as from a strong affinity of amine
groups toward gold.
12 Conclusions & outlook
Fabrication of a nanoporous electrochemical sensor by employing a combination of thin film
depositions, colloidal lithography and RIE has been described. The electrode spacing of
this sensor which determines its amplification and sensitivity is defined by the thickness of
the insulating layer and can be easily controlled during thin film deposition. Furthermore,
this sensor system offers millions of pores in every square centimeter where the redox
cycling reaction can take place. The development of nanoporous electrochemical sensors
is based on the succesfully fabricated nanopore arrays as discussed in this part.
Nanopore arrays with a wide range of pore sizes (100-800 nm) and inter-pore distances
(200 nm to 1 휇m) have been achieved. Several methods for colloidal particle mask de-
position were investigated. The lifting up strategy was chosen to produce hexagonally
close-packed particle monolayers on a water-air interface which could cover up to 4-inch
silicon wafer surfaces. Different pore diameters and inter-pore distances were obtained by
employing colloidal particle masks with sizes ranging from 200 nm to 1 휇m. The inter-
pore distance can be easily controlled by a proper choice of the size of the initial particle
used to generate the hexagonally close-packed particle arrays. Furthermore, the pore size
is determined by parameters such as the etching time, and the thickness of the top gold
layer.
The particle size reduction using microwave or RF generated plasmas were compared.
The microwave plasma etches the polystyrene particles with a rate of 6 nm/minute while
the RF generated plasma shrinks the colloidal particles in an anisotropically way with an
average etch rate of 125 nm/minute. However, oval particle mask arrays resulted from the
RF generated plasma.
A RIE process was employed to erode the Si3N4 openings with an average etching rate
of 5 nm/second. Defects due to a collapse of the top gold layer, rough particle masks and
undercut etching which can cause short circuits in the electrochemical sensor were inves-
tigated. Embedding the nanoporous array into the current silicon micro technology was
performed by assembling the nanopore array on micropatterns fabricated by conventional
photolithography. Immobilization of gold nanoparticles into the interior of the pore was
shown as an example of the feasibility of inserting many different groups of biologically
important molecules by a simple surface functionalization.
The performance of the nanoporous electrochemical sensor with a variation in pore
sizes and inter-pore distances need to be pursued. The sensitivity and selectivity of the
nanoporous sensor system and the existing comercial sensors have to be compared. The
immobilization of different biological recognition sites is expected to enhance the perfor-
mance of the sensor toward special biological analytes.
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Part III
Porous silicon photonic crystal display
13 Introduction
Porous silicon can be produced by electrochemical etching of silicon in a hydrofluoric acid
(HF) solution. Its refractive index and therefore the wavelength of light reflected from
its surface depends on its porosity and on the thickness of the porous silicon layer. The
characteristic of the pores can be controlled by adjusting the current density during the
electrochemical etching [180]. By applying a periodic current-time waveform, porous ’mul-
tilayers’ that act as an one-dimensional (1D) photonic crystal can be generated [181]. Here,
a 1D photonic crystal can be defined as vertically stacked nanostructures with different
refractive indices which can allow/propagate a certain energy range of light depending on
the periodicity of the nanostructures. In this part, the feasibility of using a porous silicon
photonic crystal to provide an optical reflection for a display is described. The project was
carried out in a collaboration with Prof. Michael J. Sailor at the University of California
San Diego, USA, and was performed together with Margaret Dudley.
13.1 Porous silicon
Porous silicon was discovered accidently by Arthur Uhlir at Bell Laboratories in 1959
when he was developing a technique for polishing and shaping the surfaces of silicon and
germanium for microelectronic circuit purposes [182, 183]. He found out that by using
certain conditions of applied current, silicon dissolved primarily in (100) direction of the
wafer. As the resulted silicon surface was not as smooth as desired, the findings were not
considered further.
In the 1980s porous silicon was found to be a useful model of crystalline silicon surface in
spectroscopic studies [184], and as a dielectric layer in capacitance-based chemical sensors
[185]. Canham reasoned that porous silicon might display quantum confinement effects
and later this phenomena was successfully proved by laboratory results published in the
1990 [183]. The electrochemically etched materials displayed red-luminescene in which
due to charge carriers in the narrow crystalline silicon wall inside the pores, the quantum
confinement effect is exhibited [186].
Porous silicon has been a promising material due to its large surface area, excellent
mechanical and thermal properties and compatibility with silicon-based microelectronics
[180]. The applications of porous silicon devices eventually emerge in a new generation of
silicon technologies from microelectronics into optoelectronics and beyond.
13.1.1 Fabrication of porous silicon
The basic method of fabricating porous silicon is by anodization using an etching solution.
Other methods used for preparing porous silicon are stain etching [187] and metal-assisted
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etching [188]. In the first study by Uhlir [182] and by Canham [183], porous silicon has
been mainly fabricated by electrochemical dissolution of silicon wafers in solutions based
on hydrofluoric acid (HF) [189].
Anodization by keeping the current constant (under galvanostatic conditions) is gener-
ally the preferred approach for reproducibly obtaining wide ranges of porosity and thick-
ness [17,180,190]. The micro- and/or nano-structure layers are sensitive to many param-
eters which need to be controlled during etching. These include not only electrolyte com-
position, current density and applied potential but also electrolyte temperature. Ethanol
is frequently added to the hydrofluoric acid to minimize hydrogen bubble formation dur-
ing anodization and thereby improve layer uniformity [180, 183]. Porous silicon layers
generated in either dilute aqueous HF or ethanoic HF are mostly having pore sizes of
approximately 2-50 nm, while layers fabricated in concentrated 40-50 wt% aqueous HF
generally have pore sizes of less than 2 nm [180].
A schematic of a typical porous silicon preparation by electrochemical etching is shown
in Fig. 13.1. An aluminium foil is placed on the back side of a silicon surface connecting the
wafer to the anode. On the top, the silicon surface is in contact with a solution containing
hydrofluoric acid (HF) and ethanol. A counter electrode, usually made of platinum, is
connected to the system by immersing it in the etching solution. By applying a current
between the backside of silicon wafer and the immersed electrode in the HF solution, pore
growth by electrochemical etching begins.
~AC
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Figure 13.1: Schematic of a typical porous silicon preparation by electrochemical etching.
Several different mechanisms regarding the dissolution chemistry of silicon have been
proposed but it is generally accepted that holes are required for both electropolishing
and pores formation [189]. The final and stable end product for silicon in HF is H2SiF6,
which appears in some ionized forms depending upon concentration and pH [180, 189].
The overall anodic semi-reaction during pore formation can be written as in Eq. 13.1.
푆푖+ 6퐻퐹 → 퐻2푆푖퐹6 +퐻2 + 2퐻+ + 2푒− (13.1)
Based on the most accepted mechanism presented by Lehmann and Go¨sele [191], the
silicon surface continuously vacillates between hydride (Si-H) and fluoride (Si-F) coverage
at each pair of electron/hole exchanges [189]. It means silicon hydride bonds passivate
the silicon surface unless a hole is available. When there are enough holes available,
further dissolution only occurs at the pore tips. A slow chemical reaction start due to the
permanence in HF as the holes are provided by applying a current [186].
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There are several parameters influencing the pore formation process such as the wafer
type, the substrate doping, temperature, the ambient humidity, the current density, the HF
concentration, the solvent where the HF is diluted, the etching time and the illumination
during the etching which is essential for 푛-type substrates [180, 186, 189]. The porosity,
thickness, pore diameter and morphology of the porous silicon obtained are significantly
depended on the anodization conditions during the electrochemical etching process [180].
13.1.2 Reflectivity of porous silicon
The refractive index of porous silicon significantly depends on its porosity which is de-
termined by the electrochemical etching process [180]. By changing the etching currents
during the anodization process, engineered porous ’multilayers’ can be prepared [181].
Since the refractive index value for each layer depends on its porosity, a modulation of
refractive index as a function of depth can easily be obtained. Types of interactions be-
tween porous silicon structures with the incident light can be illustrated in Fig. 13.2, and
described individually as follows:
a b c
Figure 13.2: Schematic of reflections occuring in multilayer porous silicon samples. (a) Bragg
reflectors consist of multiple layers of alternating porous structures with varying refractive index.
(b) A Fabry-Perot interferometer creates a reflection of illuminated white light on the air-porous
silicon layer and the porous silicon-bulk silicon interfaces. (c) Rugate filters consist of multilayered
stacks in which the refractive index varies sinusoidally.
Bragg reflector A Bragg reflector, also called a dielectric mirror, consists of multiple
layers of alternating porous structures with varying refractive index, and hence resulting
in a variation in the effective refractive index [192]. Vincent et al. were the first who
generated films consisting of a simple repeat pattern whose alternating pore morphology
is known as a Bragg stack [193]. A stack of alternating layers with high and low porosity
produces a distributed Bragg reflector (DBR) [194]. The reflectivity of a Bragg reflector
is characterized by the high reflectivity ’stop band’ whose position and width can be
controlled by the design of the mirror stack.
The fabrication of this structure has been established for a decade [192, 193, 195]. By
changing the applied current during the silicon etching, layers of different porosity can be
etched in a stack. The porous layer thickness depends on the etch time and the porosity
is determined by the etch current which both give control of the Bragg wavelength.
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FabryPerot interferometer A Fabry-Perot fringe pattern is formed by multiple reflec-
tions of illuminated white light on the air-porous silicon layer and the porous silicon-bulk
silicon interface [196, 197]. The reflection of white light at the top and bottom of the
porous silicon layer results in an interference pattern that is related to the effective optical
thickness of the film.
The refractive index of the Fabry-Perot interferometer changes upon molecular inter-
actions of species in solution with immobilized ligands or receptors within the porous
silicon matrix and induces a shift in the Fabry-Perot fringe pattern which can be used as
a sensitive method for biomolecular sensing [196].
Rugate filter Rugate filters are classified as optical filters which contain a continuous
variation of the refractive index in the direction perpendicular to the plane of the filter
[198,199]. Rugate filters consist of multilayered stacks in which the refractive index varies
sinusoidally, resulting in a mirror with high reflectivity in a narrow spectral region [200].
An advantage of this structure compared with discrete multilayer filters such as a Bragg
reflector is a smaller sensitivity to angle variation of incident light [199].
The reflectance spectrum of rugate filters shows a high reflectivity ’stop-band’ around
a characteristic wavelength compared to a very low reflectivity in other places [198]. Ru-
gate filters can be prepared by applying a computer-generated pseudo-sinusoidal current
waveform [181,200]. It should be noted that changing the current density does not affect
the porous silicon layers previously formed because silicon dissolution only occurs at the
silicon electrolyte interface [190]. Rugate filters are clasified as one-dimensional photonic
crystal and are described in detail in Section 13.2.
13.2 Porous silicon photonic crystals
The term photonic crystal was independently proposed by Yablonovitch and John in 1987
[201, 202]. A photonic crystal is defined as an ordered nanostructure in which two media
with different dielectric constant or refractive indices are arranged in a periodic form
[201–203]. In other words, a photonic crystal can be described as a periodic domain with
periodicity on the order of wavelength of light. In such a material, light is allowed or
not to propagate through medium depending on its energy range of photons and its wave
vector (the direction of the propagation).
The propagation of photons therefore can be spatially confined by trapping light in a
region of high refractive index or with a high surface reflectivity. A one-dimensional (1D)
photonic crystal is a structure whose refractive index varies only along one direction. It
can be observed in a multilayer structure where alternating layers with different refractive
indices are vertically stacked (e.g. Rugate filters). A 2D photonic crystal can be produced
by a stack of cylinders of given refractive index. The gap between them may simply be
air or another medium of different refractive index. This arrangement gives a variation
in the refractive index in a plane. Meanwhile, 3D photonic crytals can be described as
a stack of packed spheres in a certain arrangement. Porous silicon is classified as one-
dimensional photonic crystals based on their stacked periodical modulations of refractive
index where the stacking and the modulation are along one of the axes (only on the vertical
axis) [20, 181,197,204].
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13.2.1 Porous silicons display
The employment of photonic crystals as displays has been reported [118, 205–209]. Pho-
tonic crystals can produce bright and non-bleachable reflected colors arising from a co-
herent Bragg optical diffraction of the materials [206]. These materials are attractive
for displays because they can be tuned to exhibit different wavelengths of light. More-
over, photonic crystal displays are brilliant and free of glare from the sunlight. Control
and manipulation of photonic crystal display systems can be achieved by electric or mag-
netic triggering or by electrochemical reactions [209–211]. Thomas and co-workers have
reported on creating a 1D color changing pixel which is based on photonic crytals made
from (polystyrene푝표푙푦-(2-vinylpyridine)) block copolymers [118,209]. Arsenault et al. have
succeded in creating tunable photonic crystal displays using self-assembled polystyrene
spheres [206,212].
Having the advantages of a photonic crystal’s properties, porous silicon can be a suitable
candidate for display applications. However, studies on the employment of porous silicon
as display material are limited. Porous silicons as flat-panel field emission displays [213]
and as light emitting diodes [214,215] are amongst the few devices that have been reported.
Fauchet and coworkers demonstrated electrically tunable mirrors that consist of porous
silicon infiltrated with liquid crystals [216,217]. By simply applying a voltage or a thermal
modulation, the porous silicon active mirror can be switched on (high reflectance) and off
(low reflectance). The easy modulation of reflectivity of porous silicon shows potential for
future display devices [218].
In this work, the feasibility of using a porous silicon photonic crystal for display ap-
plications is described. The display system was developed by sandwiching porous silicon
between two electrodes and an ionic solution was filled into the gap. Electrochemical
reactions occuring inside the small gap change the intensity of the visible reflected light
depending on the applied voltage.
14 Materials & methods
The display system was built in an electrochemical cell where a silver-impregnated porous-
silicon chip was sandwiched between a sheet of aluminium foil and an indium tin oxide
(ITO)-coated glass slide. Through the ITO-coated glass slide (i.e., the screen), the inten-
sity of the reflected light from the porous silicon was measured. The main steps of the
display development include electrochemical etching, surface modification, straight etch-
ing, silver impregnation and electrochemical cell experiment. Reflectivity measurements
and Fourier-Transform infrared spectroscopy were performed to characterize the system.
14.1 Electrochemical etching (first layer - photonic crystal)
A porous silicon photonic crystal was prepared by electrochemical etching of silicon wafers
(100) (single crystalline highly doped, 푝-type, Boron doped, with a resistivity between
0.0005 and 0.001 Ohm/cm and 400 microns thick obtained from Siltronix, Geneva, Switzer-
land) in ethanolic HF solution. The etching solution was a 1:3 푣/푣 mixture of absolute
ethanol (200 proof, purchased from Rossville Gold Shield Chemical Company) and aque-
ous 49 % HF (purchased from Fisher Scientific). A silicon substrate (1 cm2) was placed on
a Teflon platform as shown in Fig. 13.1 and etching was carried out using an aluminium
foil as an anode and a platinum (Pt) mesh as the counter electrode.
After the cell was filled with the etching solution and the Pt mesh electrode was im-
mersed inside the solution, a sinusoidal current was applied. A rugate filter was prepared
by applying a modulated current density which was varied between 15 mA/cm2 to 45
mA/cm2 and was repeated for 60 times in a periodicity of 8-11 seconds per cycle. The
sample was rinsed with pure ethanol, removed from the etch cell and dried in a stream
of N2 gas. This part of the porous silicon display (the rugate filter) needs to be pro-
tected from further reactions (against silver deposition) by modifying the surface with a
protecting layer.
14.2 Surface modification
Surface modifications were done using two different methods. A thermally carbonization
with acetylene was performed according to Salonen et. al [219], whereas a two-step proce-
dure involving attachment of methyl groups was employed according to Lees et. al [220].
Thermal carbonization was carried out in an alumina tube in a continuous flow of a 1:1
mixture of nitrogen and acetylene gasses to avoid graphitization and to improve the treat-
ment efficiency [219, 221]. Treatment temperature was gradually elevated to 4850C in
approximately 10 minutes to provide hydrophobic surface termination [219]. After reach-
97
98 14 Materials & methods
ing the treatment temperature, the samples were kept in an acetylene flow for 45 minutes.
The sample was cooled down to room temperature in N2 flow before a contact with ambient
air (≥ 20 min) was permitted.
Another method of surface modification to protect the rugate filter is by attachment of
methyl groups which is later on called methylation, and is described in [220]. The surface
modification was carried out in the same etching cell that was used to etch the porous
silicon samples after the removal of the HF solution and thorough rinsing of the cell with
pure ethanol. A glass cap was fitted to the cell that allows the cell to be connected to
an inert atmosphere Schlenk line. Then a solution of 0.2 M methyl iodide (CH3I) and 0.2
anhydrous lithium iodide (LiI) in dry, distilled acetonitrile was transfered into the cell. A
cathodic current of 10 mA/cm2 was applied for 30-45 s. Illumination with a 100 mW/cm2
white light source (tungsten lamp) was required to generate a sufficient photocurrent
to support the current densities needed for the reaction [220]. After disassembly of the
Schlenk cell, the sample was rinsed with acetic acid, acetonitrile, and then ethanol, and
dried under a stream of N2 gas.
14.3 Electrochemical etching (second layer)
A layer of straight pores was created under the passivated first layer (the rugate filter).
The straight etching was performed using the same etch cell and etch solution. A current
density of approximately 45 mA/cm2, repeated for 600 times at a periodicity of 1 s was
applied. Next, the fresh-etched sample was stored under vacuum in a desiccator until
needed for silver impregnation. The storing time should be less than 20 minutes otherwise
the silver deposition effiency will significantly decrease. This is due to the sensitivity of
porous silicon which still can be oxidized by remnant O2 gas in the desiccator chamber.
14.4 Silver impregnation
Silver impregnation was performed with two different methods: immersion plating [222]
and thermal decomposition [223]. Immersion plating of silver on porous silicon was started
with placing a few drops of a 2:3 by volume solution of 1 mM AgNO3 and pure ethanol
onto the freshly etched porous silicon surface. After 8 minutes, the solution was washed
off with deionized water and ethanol and the sample was dried in a stream of N2 gas. To
prevent spontaneous silver plating on the remaining Si-H bonds in the pores, the sample
was oxidized in an oven at 2200C for 30 minutes.
In addition, silver was deposited on several porous silicon samples using thermal de-
composition following a procedure described in [223]. After the second layer etching, the
sample was oxidized by placing it in an oven at 200-250 0C for 20 minutes. Like in the
immersion method, this oxidation procces is needed to prevent spontaneous immersion
coating on freshly etched porous silicon by passivating the Si-H bonds with an approxi-
mately 50 퐴˚ silicon dioxide layer. Next, the sample was dipped into an aqueous 1 M AgNO3
solution for 20 minutes. After removal of excess AgNO3 solution using a N2 stream, the
sample was dried in an oven at 100 0C for 20 minutes to facilitate the adsorption of the
silver nitrate salt to the pore walls. Thermal decomposition of silver nitrate salt to silver
metal and other gasses (NO2 and O2) happened as the sample was heated to 500
0C in
an ambient pressure furnace.
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14.5 Electrochemical cell experiment
The prepared porous silicon sample was then placed in an electrochemical cell (Fig. 14.1)
using the same Teflon etching platform. A strip of aluminium foil was mounted on the
back side of the sample and acted as an anode. A Viton O-ring was placed in between
the porous silicon sample and an indium tin oxide (ITO)-coated glass. An ionic solution
consisting of 1:1 (푣/푣) 0.1 M tetrabutyl ammonium perchlorate and 0.01 M silver nitrate
(AgNO3) in acetonitrile was filled into the space between the porous silicon sample and
the ITO-coated glass using a syringe.
ITO-coatedglass
as a cathode
Aluminium foil
as an anode
Applied
voltage
Porous silicon
Rubber ring
Deposited
silver metal
Ionic solution
containing silver ions
The ‘screen’
Figure 14.1: Schematic picture of the electrochemical cell experiment setup.
After connecting the aluminium foil to the anode and the ITO-coated glass to the
cathode, a modulated voltage was applied for 800 s. The applied voltage was started from
0 V at 0 s and modulated to increase in certain rates of 0.02 V/s, 0.015 V/s, 0.0125 V/s,
0.01 V/s, and 0.0075 V/s until reaching the maximun voltage of 2, 1.5, 1.25, 1, and 0.75
V, respectively. Subsequently, the voltage was decreased in the respective rate to reach
the minimum values of -2, -1.5, -1.25, -1, and -0.75 V which then was increased back to 0
V completing a circle for 400 s (Fig. 14.2). Two cycles of a modulated voltage was applied
in each measurement unless otherwise noted. During voltage application, the intensity of
the reflected light of the photonic crystal chip was monitored and measured through the
ITO-coated glass slide (i.e., the screen).
14.6 Reflectivity measurement
Reflectrance spectra of porous silicon samples and the electrochemical cell were measured
with an Ocean Optics CCD S-2000 spectrometer fitted with a microscope objective lens
coupled to a bifurcated fiber optic cable. A tungsten halogen (Ocean Optics LS-1) light
source was focused onto the center of the sample or the cell with a spot size of approxi-
mately 1-2 mm2. Reflectivity data were recorded in a wavelength range of 400-1000 nm.
Both the illumination of the sample surface and the detection of the reflected light were
performed along an axis coincident with the surface normal.
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Figure 14.2: One example of the applied voltage versus time graphs. The voltage was modulated
to fluctuate in a rate of 0.01 V/s from a maximum value of 1 V to a minimum value of -1 V.
14.7 Fourier-Transform Infrared spectroscopy
Surface modification on porous silicon was verified with Fourier-transform infrared (FTIR)
spectrometer measurements. Spectra were recorded with a Nicolet 6700 FTIR equipped
with a diamond attenuated total reflectance (ATR) crystal which enables samples to be
examined directly in the solid or liquid state without further preparation. The detector
was cooled down with liquid nitrogen during spectral acquisition for high sensitivity.
FTIR analysis was used to identify compounds and investigate sample composition
based on molecule absorptions at specific frequency depending on the vibrations of the
molecule bonds or groups. FTIR was peformed non-destructively by simply placing the
sample above the detector.
15 Porous silicon photonic crystal
displays
The feasibility of a porous silicon photonic crystal to provide an optical reflection for a
display is discussed. The fabrication of the display is described, covering sequential pro-
cesses: electrochemical etching, surface modification of the pores, and silver impregnation
into the pores. Investigations on the display performance are also presented.
15.1 Preparation of porous silicon photonic crystal displays
The basic idea of this work was to create porous silicon photonic crystals which can
be color-altered by applying electrical current or a chemical reaction or both. Series of
processes were sequentially performed to create the porous silicon double-stacked photonic
crystal samples as shown in Fig. 15.1. Since the reflectivity of the top layer of the porous
silicon is essential for the measurement and the second layer acts as a reservoir, the etching
conditions of each layer were chosen such that the reflectivity peak maximum of the top
layer is not disturbed. The top layer of porous silicon was etched using a sinusoidal current
waveform to generate a Rugate filter, meanwhile the lower one was etched using a straight
etching waveform.
Siwafer Rugate filter Surface modifications
Straight etching Silver impregnation Electrochemical cell
Figure 15.1: The fabrication scheme of photonic crystal chips.
Surface modifications were carried out to protect the Rugate filter, i.e. the 1D photonic
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crystal, against silver deposition in the following step. Silver was impregnated into the
second layer of porous silicon and acted as metal species in the following redox reaction.
The display was constructed by setting a silver-impregnated porous-silicon sample in be-
tween a sheet of aluminium foil and an indium tin oxide (ITO)-coated glass slide. The
pores were open to an ionic solution (consisting of tetrabutyl ammonium perchlorate and
silver nitrate (AgNO3) in acetonitrile) which filled a small gap between the porous silicon
and the ITO layer. Through the ITO-coated glass slide (i.e., the screen), the reflected
light from the porous silicon was visible.
An electrochemical cell was produced when a circuit was created across the porous
silicon with the aluminium foil as the anode and the ITO layer as the cathode. A redox
reaction was performed in the cell by applying a voltage through the electrodes. This
redox reaction converted the silver metal from the pores into its ion in the solution and
vice versa from the solution onto the ITO-coated glass slide, blocking the reflected light
from the porous silicon. The display characteristics, defined as the intensity of the visible
reflected light as viewed from the glass slide, could be altered by changing the applied
voltage.
Fig. 15.2 shows the reflected intensity spectra of porous silicon single- and double-
layers. Both spectra display reflectivity peak maxima which remain at a wavelength of
approximately 540 nm. This demonstrate that the rugate layer was undisturbed during
the second etching and a bright green appearance was maintained. A wavelength shift,
however, was observed which slightly effects the brightness of the green color. Some fringe
patterns (in grey areas) were also observed as a result of Fabry-Perot interference of light
reflected from the interfaces. The double-layer’s spectrum displays a more complex fringe
pattern due to a complicated interference from all three layers of porous silicon [224].
The etching process produces porous silicon with a highly reactive hydrogen termi-
nated surface which is vulnerable to chemical reactions. Therefore, the top porous silicon
layer (rugate filter with a reflectivity peak at 휆 = 536 nm) was subsequently thermally car-
bonized [219] or functionalized with methyl groups [220]. These surface modifications were
performed in order to protect the top layer from silver deposition when further processes
were executed.
Thermal carbonization was performed by attaching aliphatic or aromatic hydrocarbons
to the porous silicon surface in order to replace Si-H bonds (as results of the HF etching)
with Si-C bonds. In this work, acetylene was used as a precursor and carbonization by
acetylene decomposition was achieved at 485 0C in order to provide a hydrophobic surface
termination. However, by using this fuctionalization method only 20-80 % of the Si-H
bonds are replaced [219]. The remaining Si-H groups are still accessible for oxidation or
hydrolysis reactions. Therefore, characterization using Fourier transform infrared (FTIR)
spectroscopy is necessary to ensure the quality of the surface functionalization on each
sample.
Fig. 15.3 shows FTIR spectra of a freshly carbonized sample before rinsing with HF
(red line) and a successfully functionalized sample after rinsing with HF (green line) as
well as a control after rinsing with HF (blue line). All of them have a peak at 1070 cm−1
which indicates both Si-O and/or Si-C bonds vibration peaks. Rinsing with HF removes
any Si-O bonds from the surface leaving only Si-C and Si-H bonds. A significantly high
absorbance at 1070 cm−1 after rinsing (green line) indicates a strong Si-C bonding, thus
a high coverage of the surface with Si-C was achieved. In general Si-C bonds can prevent
the surface from further etching in HF.
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Figure 15.2: Reflectivity spectra of porous silicon photonic crystals; (a) single layer consisting of a
porous silicon rugate filter (top layer) and (b) double layer (rugate filter stacked on top of a straight-
etched layer). The reflectivity peak maxima were mantained at a wavelength of approximately 540
nm, and both samples display bright green appearances. Fringe patterns (in grey areas) result
from Fabry-Perot interference of light reflected from the interfaces of porous silicon.
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Figure 15.3: FTIR spectra of thermally carbonized samples; a freshly carbonized sample before
rinsing with HF (red line), a successfully functionalized sample after rinsing with HF (green line)
and an unsuccessfully funtionalized sample after rinsing with HF (blue line).
Meanwhile, a much lower peak at 1070 cm−1 in the spectrum of the control sample after
rinsing with HF indicates that Si-C bonds are not established (blue line). Moreover, peaks
at 2116 and 2260 cm−1 arised in this spectrum which can be assigned to the characteristic
Si-H bond vibrations. As mentioned before, Si-H bonds are highly reactive to chemical re-
actions. The control sample was a good tool for comparing the samples and discriminating
the successfully functionalized samples from the rest for further experiments.
The second method used was methylation which was carried out on different samples.
This surface modification attaches methyl groups to the residual reactive Si-H sites on the
surface, and it has been shown to significantly stabilize the porous silicon [18]. Fig. 15.4
shows the FTIR spectra of successfully functionalized (red line) and control (blue line)
samples.
The spectrum of a succesfully functionalized sample shows peaks at 630 and 766 cm−1
which can be assigned to Si-C stretch vibrations and assigns to the rocking vibration of CH3
groups, respectively. A peak around 1190 cm−1 was also observed indicating the vibration
peak of C-F bondings. This peak appeared as the molecule used in the experiment was
CF3(O)CHN(CH2)
−
6 which contains flouride. However, those peaks were not observed on
the control sample spectrum. This easy sorting enables a fast checking of every sample
before further processes would have been conducted.
Functionalization with methyl groups had been found to be tedious and taking a lot of
time, though the achieved coverage quality was better than the one of thermally carbonized
surfaces. On the other hand, thermal carbonization gives sufficient results with much less
work and time. Therefore, thermal carbonization was the chosen method to protect the
top layer for the next experiments.
A second layer of porous silicon was etched beneath the rugate filter using the same etch
cell and etch solution used before. However, this etching process uses a different current
waveform. The current waveform produces porous silicon layers consisting of ’straight’
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Figure 15.4: FTIR spectra of methylated samples; the successfully functionalized sample (red
line) and the control sample (blue line). Characteristic peaks at 630, 766, and 1190 cm−1 confirm
the successful methylation process.
pores with high reactive Si-H sites which later can be oxidized by silver ions. Therefore,
this layer can be used as a silver reservoir. The freshly etched sample was immediately
immersed in a silver nitrate solution if the immersion method was used. Otherwise, an
oxidation step of the freshly etched sample needed to be carried out before the silver
impregnation procedure by thermal decomposition can be applied.
The first attempt of silver impregnation was performed by using the thermal decom-
position method described in [223]. In this method, samples need to be oxidized before
being dipped into a silver nitrate solution. This step is necessary to prevent spontaneous
immersion coating on the freshly etched porous silicon by passivating the reactive surface
(Si-H bonds) with a thin layer of silicon dioxide [223]. After dipping into the silver nitrate
solution for 20 minutes in order to completely wet the pores, the sample was dried using
nitrogen gas to avoid excess AgNO3 solution from clogging the pores. The silver nitrate
salt is thermally decomposed to silver metal and gasses (Eq.15.1) when heated to 500 0C
in a furnace at ambient pressure.
퐴푔푁푂3
≥573퐾→ 퐴푔(푠) +푁푂2 ↑ +
1
2
푂2 ↑ (15.1)
A second method of silver plating is carried out by employing a method described
in [222]. This immersion plating method takes advantage of the hydride-terminated porous
Si substrate which acts as a reducing agent for dissolved silver ions, providing a silver plated
surface (Eg. 15.2, 15.3, 15.4). Requiring freshly Si-H bonds, the immersion process has to
be done immediately after the second layer etching.
2푆푖(푠푢푟푓푎푐푒) +퐻2푂 → 푆푖−푂 − 푆푖(푠푢푟푓푎푐푒) + 2퐻+(푎푔) + 2푒− (15.2)
2푆푖−퐻(푠푢푟푓푎푐푒) +퐻2푂 → 푆푖−푂 − 푆푖(푠푢푟푓푎푐푒) + 4퐻+(푎푔) + 2푒− (15.3)
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퐴푔+(푎푔) + 푒
− → 퐴푔(푠) (15.4)
Fig. 15.5 presents cross-sectional SEM images of double-stacked porous silicon before
and after silver impregnation. Each photonic crystal sample consists of a rugate filter
layer on top and a straight pore layer underneath. The bright contrast in Fig. 15.5. b
indicates the plated silver metal inside the pores. These results were further confirmed by
EDX measurements.
a b
Figure 15.5: Cross-sectional SEM image of silver plated porous silicon samples, (a) porous silicon
double stack before silver impregnation and (b) silver plated porous silicon. Insets show higher
resolution images of the respective samples. The bright contrast displayed in (b) indicates the
presence of silver. Sample (b) was impregnated with silver by using the thermal decomposition
technique.
Fig. 15.6 displays a comparison of EDX measurements of the impregnated porous
silicon samples prepared by both methods. In both spectra silver peaks were observed
beside the ones from silicon and oxygen. In the immersion plating sample, the silver peak
was observed to be significantly high. It was also found that silver is mostly present in
the top layer. This is due to the fact that the silver reduction reaction in the immersion
process occurs fast and spontaneous, preventing a deeper penetration of the silver solution
inside the pores. Adding a little amount of ethanol into the solution (≤ 10 푣/푣 %) was
noted to solve the wetting problem of the silicon pores which are rather hydrophobic. This
increased the penetration depth of the silver plating.
The intensity of the silver peak from the thermal decomposition sample was lower be-
cause of a smaller amount of plated metal. The silver was located in both layers with
a higher amount of silver in the bottom than in the top layer (bottom = 15.4 wt %,
top = 1.5 wt %). However, any silver deposition inside the rugate filter (top layer) is
undesirable. It was noted that oxidation steps after the functionalization of the rugate
filter is necessary to eliminate the remaining Si-H groups in the top layer, thus limiting
the silver deposition. In order to prevent any spontaneous immersion on the top porous
silicon layer, and to increase the silver deposition inside the pores, a better coverage of
the porous silicon rugate filter surface with Si-C bonds is needed.
Compared to the immersion method, thermal decomposition has the advantages of
deeper silver penetration, and a better reproducibility which gives a uniform amount of
silver in the pores. In addition to its simplicity and fast process, the immersion plating
also has the advantage of giving a higher amount of plated silver in the pores.
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Figure 15.6: EDX measurements of silver plated porous silicon prepared by (a) immersion and
(b) thermal decomposition methods. The intensity of the silver peak represents the amount of the
deposited metal.
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15.2 Performance of photonic crystal display
Electrochemical cell experiments were performed using 0.1 M tetrabutyl ammonium per-
chlorate and 0.01 M AgNO3 in acetonitrile as the ionic solution [225]. An electrochemical
cell setup was connected to the cathode (aluminium foil) and to the anode (the ITO-
coated glass) with a modulated applied current while its overall reflectivity was monitored
through the ITO-coated glass slide (i.e., the screen) using a reflectance spectrometer.
The optical reflectivity spectrum of the porous silicon chip has a sharp peak in the visible
spectrum range, therefore it gives a distinctive color. In this work, photonic crystals which
appear green were used. The increased refractive index due to the infiltration of the ionic
solution changed the samples’ reflectance to another bright color (red). Fig. 15.7 shows a
typical reflectivity spectrum of the electrochemical cell screen seen from a perpendicular
angle (at a normal incidence). The spectrum has a peak at 640 nm which reflects a bright
red color, red-shifted around 100 nm from the prior reflectance before the solution filling.
This bright color appearance is critical for the detection of changes happening when the
electrochemical reaction occurs.
A spectral curve was extracted from each reflectivity spectrum (for example the squared
area in Fig. 15.7) where a Gaussian fitting was applied in order to get a cumulative
intensity of each spectrum. For each Gaussian fit, there are three parameters were used:
the amplitude, the maximum-peak position, and the full width at half the peak amplitude
(FWHM). Next, the cumulative Gaussian distribution of intensities were plotted as a
function of time. This results in a fluctuating intensity graph over time as shown in Fig.
15.8 (red line).
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Figure 15.7: A typical reflectivity spectrum of the electrochemical cell window seen from a
perpendicular angle (at a normal incidence). The fluctuating intensity of the reflected light shown
in the squared area is where the Gaussian fitted calculation was applied.
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Fig. 15.8 shows a fluctuating reflectance (the Gaussian fitted graph from the reflectivity
measurements (red line)) corresponding to a triangle applied voltage waveform (blue line)
as well as the appearances of the screen at each stage. During the voltage application, the
position of the reflectance peak did not shift, only its intensity gradually changed respec-
tively to the applied current. There were always two species of silver in the electrochemical
cell, silver metal and silver ions. Prior to voltage application, the silver metal was mostly
located in the second layer pores and the dissolved silver ions were in solution. Applying
positive voltage reduces the silver ions from the solution to be deposited onto the ITO
surface as the cathode, giving a blurry appearance. At the same time, oxidation of metal
silver happens inside the pores (Eq. 15.5 and Eq. 15.6).
퐴푔+(푎푞) + 푒
− → 퐴푔(푠) (15.5)
퐴푔(푠) → 퐴푔+(푎푞) + 푒− (15.6)
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Figure 15.8: A Gaussian fitted graph from the reflectivity measurements (red line) displays a
fluctuating reflectance as a function of time. The blue line shows the corresponding applied voltage
waveform. The appearances of the screen at each stage are displayed in the insets. A fluctuating
reflectance was observed in respect to the applied voltage.
In reverse, negative applied voltages lead to the opposite reactions at both electrodes.
The blurry silver plated surface gradually became clear as the silver on the ITO surface
was oxidized (Fig. 15.9) and dissolved back to the solution. The process is repeated several
cycles to observe the reversibility. However, the reflectance measurements show that the
reversibility of the reactions is quite low. The decreasing amount of the plated silver in
the pores might generate oxidation of the porous silicon in a longer run. Since oxidized
porous silicon is a non-conductive material with conductivity few orders smaller than the
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one of bulk silicon [226], the accessible area for the redox reaction to happen decreases
over time.
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Figure 15.9: The electrochemical reactions inside the cell at each corresponding applied voltage.
A positive applied voltage reduced the silver ions from the solution to be deposited onto the ITO
surface as the cathode, giving a blurry appearance. The blurry silver plated surface gradually
became clear as the silver on the ITO surface was oxidized by the negative applied voltage.
By applying lower voltages, higher reversibilities of the redox reaction were observed.
This might be due to the higher applied voltage maxima (with values at 2, 1.5, 1.25, 1,
or 0.75 V, see Section 14.5) in comparison to the standard reduction potential of silver
(퐸표
푟푒푑(퐴푔++푒−→퐴푔) = 0.799 V [227]). These higher voltage maxima might effect the reac-
tions of silver-silver ions in the system. Silver metal in the pores which in the begining
were oxidized and released into the solution had gradually vanished. Further voltage ap-
plication oxidized the porous silicon, as a substitute for the vanishing silver metal, until
the voltage was reversed. A lower applied voltage results in a lesser oxidized porous silicon,
hence the accessible area for the redox reactions decrease in a lower rate.
In general, further voltage application leads to a lower rate of the redox reactions with
time. As a result, the amount of silver metal on the ITO-coated glass which were oxi-
dized back to the solution decreased. Moreover, the amount of silver ions in the solution
gradually became less and the silver/silver ions redox reactions diminished. Therefore, a
sufficient amount of impregnated silver inside the pores might give a higher reversibility.
16 Conclusions & outlook
This part demonstrates the feasibility of a porous silicon photonic crystal for a display
based on its reflectivity properties. The porous silicon display consist of two layers where
the top layer gives a bright reflected color and the second layer acts as a silver reservoir.
A bright-green (휆 ≈ 540 nm) reflected color from a porous silicon photonic crystal was
used. Surface modifications including thermal carbonization and methylation were per-
formed in order to protect the top layer from silver deposition. Two types of silver plating
techniques, thermal decomposition and immersion plating, were used for inserting silver
metal into pores. Thermal decomposition was found to have the advantages of deeper
silver penetration and a better reproducibility, whereas the immersion plating has the
advantage of giving a higher amount of plated silver in the pores.
The photonic crytal display was built by placing a silver-impregnated porous-silicon chip
in between a sheet of aluminium foil and an indium tin oxide (ITO)-coated glass slide,
leaving a small gap which is filled with an ionic solution. Through the ITO-coated glass
slide (i.e., the screen), the reflected light from the porous silicon was visible and measured.
A redox reaction performed in the cell by applying a voltage through the electrodes was
demonstrated to alter the display of the screen. The reaction oxidized the silver metal in
the pores into its ions and reduced the silver ions from the solution onto the ITO-coated
glass slide, blocking the reflected light from the porous silicon. The reaction was reversible
upon changing the applied voltage, resulting in silver removal from the ITO-coated glass,
enhancing the intensity of the reflected light which was blocked before. Though complete
reversibility was more difficult to demonstrate, the results established the possibility of
using porous silicon for a display.
Future works that might be done are to find out the correlation between the amount of
silver plated on the pore walls and the display performance. Employing different metals
or different solutions as the redox couple might give a better understanding of the redox
reaction inside the pores. Also, the correlation between the rugate pore size and the
reversibility of the cell should be examined.
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1 Abbreviations
AAO Anodized aluminium oxide
ACH aluminium chloride hydroxide
AMPTS 3-Aminopropyltriethoxysilane
ATR Attenuated total reflectance
BCML Block copolymer micelle lithography
BSA Bovine serum albumin
BSE Backscattered electrons
CL Colloidal lithography
CMC Critical micelle concentration
CVD Chemical vapour deposition
DNA Deoxyribonucleic acid
DUV Deep ultraviolet
DTSSP 3,3’-Dithiobis(sulfosuccinimidylpropionate)
EDX Energy dispersive X-ray
EBL Electron beam lithography
FE-SEM Field emission scanning electron microscopy
FTIR Fourier-transform infrared
FWHM Full width at half the peak amplitude
HF Hydrofluoric acid
ICs Integrated circuits
IDA Interdigitated array
ITO Indium tin oxide
LF Low frequency
MW Microwave
NIL Nanoimprint lithography
PDDA Poly(diallyldimethylammonium chloride)
PE Primary electrons
PEG Poly(ethylene-glycol)
PMMA Poly(methyl methacrylate)
PNIPAM Poly(푁 -isopropylacrylamide)
PS Polystyrene
PSS Poly(sodium 4-styrenesulfonate)
PVD Physical vapour deposition
PVP Polyvinylpyridine
RDF Radial distribution function
RF Radio Frequency
RIE Reactive ion etching
SAMs Self-assembled monolayers
SEM Scanning electron microscopy
SE Secondary electron
UHV Ultra high vacuum
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2 Symbols
훼 Angle of incident light
휒 Flory-Huggins interaction parameter
훿 Solubility parameter of polymer
푑 Thickness of porous silicon layer
푑 Inter-particle distance (nanopillar section)
퐸표 Standard reduction potential
ℎ Height of nanopillar structures
퐼푖, 퐼푟 Intesity of incident and reflected light
휆 Wavelength
퐿 Loading parameter
[푀푒] Concentration of metal salt
푀푁 Molecular number of polymers
푀푊 Molecular weight of polymers
푛푐, 푛표, 푛푠 Index refraction of coatings, surrounding medium, and substrate
푝 Period of nanostructure (nanopillar section)
푝 Slant height of cone shaped nanostructures
푃 Pressure
[푃2푉 푃 ] Concentration of block copolymers
휃 Angle of cone shaped nanostructures
휌 Local density of particles
푅 Reflection degree
푅 Real gas constant
푅 Radius of base of cone shaped nanostructures
푟 Radius of gold particles
푆 Number of styrene units
Si Silicon
푇 Temperature
푉 Voltage
푉1 Molar volume of solvent
푉 푃 Number of vinyl pyridine units
푣/푣 Volume to volume
wt Weight
(푤/푣) Weight to volume
푥 and 푦 Numbers of theoretical repeated units in block copolymers
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3 Computing the total surface area of cone-shaped
nanostructures
The calculation of total surface area of cone-shaped nanostructures was performed using
assumptions: (1) the gold particle or the cone are hexagonally ordered, (2) the structures
in each samples have homogenous heights (see Fig. 2) and (3) the conical area which is
covered by gold particles is neglectable. As shown in Fig. 2, there is 1/2 gold particle (or
cone) in every equilateral triangle, Δ, with the length, 푑, represents the inter-particle (or
inter-cone) distance. Any area of a triangle, 퐴, can be computed as in Eq. 1.
퐴 =
1
2
푏ℎ (1)
d
(a) (b)
d
h
b= d
Figure 2: Scheme of a hexagonally ordered array (a) and an equilateral triangle consists of a half
area of cone or particle (b).
with 푏 is the length of the base of the triangle and ℎ is the height or altitude of the
triangle. In an equilateral triangle, 푏 can be represented by 푑, and ℎ by 푑sin훼, respectively.
Therefore, the area of an equilateral triangle, 퐴Δ, can be expressed as in Eq. 3.
퐴Δ =
1
2
푑(
√
3
2
푑) (2)
퐴Δ =
√
3
4
푑2 (3)
This means one gold particle or cone occupies 2 x 퐴Δ (Eq. 4), which is named as an
area of one particle, 퐴푝.
퐴푝 =
√
3
2
푑2 (4)
The number of particles (or cones) in every square micrometer, 푁 , can be calculated as
in Eq. 5 or Eq. 6.
푁 =
1
퐴푝
(5)
or
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푁 =
1
2/
√
3푑2
(6)
Meanwhile, area of a cone, 퐴푐, can be written as in Eq. 7 with 푅 is the radius of the
cone and 푃 is the slant height of the cone (Fig. 3). However, the round area at the base is
covered, thus it is not included to the calculation of the total area of the nanostructures.
퐴푐 = 휋푅푃 (7)
d
R
P
r
Figure 3: Schematic representation of the dimensional aspects of the cone shaped nanostructures.
푑 represents the inter-particle distance, 푅 the radius of the base of the pillar, 푟 the radius of the
gold particle and 푝 the slant height of the cone.
The covered area, 퐴표, can be expressed as in Eq. 8.
퐴표 = 휋푅
2 (8)
Hence, the total surface area in every square micrometer, 퐴푡표푡푎푙, can be computed as
the sum of total surface area of the cones in one square micrometer (푁푥퐴푐) and total area
in between cones (1− (푁푥퐴표)) (Eq. 12).
퐴푡표푡푎푙 = (푁퐴푐) + (1− (푁퐴표)) (9)
퐴푡표푡푎푙 = 1 +푁(퐴푐 −퐴표) (10)
퐴푡표푡푎푙 = 1 +푁(휋푅푃 − 휋푅2) (11)
퐴푡표푡푎푙 = 1 +푁휋푅(푃 −푅) (12)
Meanwhile, for the calculation of total surface area of gold particles, several assumptions
were used beside those which were mentioned before. For practical reasons, we assume
that the gold particles are perfect spheres. Area of one gold sphere can be expressed as in
Eq. 13 with 푟 is the radius of the gold particle.
퐴푢푠푝ℎ푒푟푒 = 4휋푟
2 (13)
In addition, we also assume that only a half of the sphere is exposed since the gold
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particle occupies the top crown of the cone. Therefore, the total surface area of gold
particles in every square micrometer, 퐴푔표푙푑, can be expressed as in Eq. 16.
퐴푔표푙푑 = 푁푥
1
2
푥퐴푢푠푝ℎ푒푟푒 (14)
퐴푔표푙푑 = 푁푥
1
2
푥4휋푟2 (15)
퐴푔표푙푑 = 2푁휋푟
2 (16)
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